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SUMMARY
Ultrasonic wave attenuation measurements have been used to successfully charac-
terize the microstructure and material properties of inhomogeneous materials; these
ultrasonic techniques have the potential to provide for the in situ characterization of
heterogeneous, cement-based materials. Recent research has applied existing acoustic
scattering models to predict ultrasonic attenuation in relatively simple cement-based
materials with good results. The goal of the current research is to extend this past
work and to investigate the influence of elastic inclusions in order to simulate a more
realistic microstructure: a cement paste matrix material that contains both sand
inclusions and air voids. The sand inclusions simulate fine aggregates as they are
present in real civil engineering structures, while the air voids provide an additional
microstructure that is present in concrete components. This research considers an
independent scattering model as well as a self-consistent effective medium theory ap-
proach in order to model the scattering attenuation due to the sand inclusions in the
cement paste matrix. The research develops a reliable measurement technique essen-
tial to assess the wave attenuation of the particulate materials. Subsequently, the
ultrasonic wave attenuation is measured in cement paste specimens of various types.
The measured attenuation is then compared to the model predictions and the results
are discussed. Finally, theoretical approaches to model the described three-phase
materials are presented and discussed.
xiv
CHAPTER I
INTRODUCTION
Concrete and other cement-based materials define a major component of the materi-
als used in civil engineering applications such as buildings, bridges, roads and other
transportation infracstructure. Today, concrete is by volume the largest manufac-
tured product in the world [19].
In spite of the apparent simplicity of the production technology, the microstruc-
ture of cement-based materials is highly complex. Nevertheless, the knowledge of
the microstructure allows for the characterization of the material performance on a
macroscale and for the monitoring of structural health.
In the past decades, ultrasonic testing techniques have shown the capability to char-
acterize material performance and are therefore commonly used in current nonde-
structive evaluation (NDE) procedures. For cement-based materials, ultrasonic test-
ing techniques and specifically attenuation measurements have been successfully em-
ployed to characterize the microstructure of different materials with good results.
These techniques have the potential for the utilization in NDE applications and can
later be used to implement a complete structural health monitoring (SHM) system
into civil engineering components.
On the other side, researchers have developed a large number of different modeling
techniques, in order to predict the acoustic behavior of several materials. These mod-
els have been applied to different applications of wave propagation and have shown
good agreement with measurement data. Hence, in combination with measurements,
these models can be applied in inverse problems to allow for the characterization of
1
material properties and performance.
In recent studies, ultrasonic wave attenuation measurement and modeling techniques
have been successfully applied in order to characterize air voids attendant in cement
paste with no further inclusions [26, 27]. Air voids play an important role in freezing
and thawing mechanisms whose effects can give rise to microcracks that deteriorate
the material’s performance. The in-situ quality control and health monitoring of civil
engineering infrastructure are thereby essential for the construction industry. The
question if the characterization techniques for air voids are still applicable in a more
realistic model of real concrete that includes coarse aggregates is therefore of specific
interest. In order to investigate this issue, it is crucial to gain a fundamental under-
standing of how the coarse aggregates as they are present in real structures influence
the propagation and attenuation of ultrasonic waves. Moreover, an expanded knowl-
edge of the general mechanisms of propagation and scattering of waves in viscoelastic
materials can be applied to further application in science and engineering.
The objective of this research is to investigate the influence of sand inclusions in a ce-
ment paste material on the attenuation of longitudinal ultrasonic waves of wavelengths
that are comparable to the length scale of the material’s microstructure. Different
modeling approaches are applied to this specific combination of materials and their
respective results are compared to each other in order to define which models are
suitable to characterize the measured material behavior.
A measurement technique for highly attenuative, particulate materials is developed
and employed on cement paste and mortar specimens with varying amounts of sand
inclusions in order to measure the wave attenuation in a high frequency range.
Finally, the measured attenuation is compared to the different model predictions and
the accuracy of the respective models is evaluated.
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First, this thesis gives a short introduction to the fundamental theory of wave prop-
agation and describes important wave phenomena as they relate to the current re-
search. Next, the basic ideas of the two modeling approaches for wave attenuation
are provided and their results are depicted. Subsequently, the proposed measure-
ment technique is explained and its accuracy and robustness is demonstrated on a
reference specimen. A description of the cement-based materials specimens and their
properties follows before the measurement results are presented. Finally, these results
are compared to the model predictions and the relationship is interpreted. Modeling
techniques and combinations are provided to model a three-phase material. The the-
sis ends with a concluding summary and provides an outlook as well as an overview
of the further work to be conducted.
3
CHAPTER II
THEORETICAL BACKGROUND
In this chapter, the fundamental theory of wave propagation in linear materials as well
as some important wave phenomena such as reflection and attenuation are described.
The governing equations of wave motion are derived and their basic solutions for
specific boundary conditions are provided. Mathematical descriptions for reflection
and attenuation are discussed.
Further information on the topic of wave propagation can be found in numerous
sources such as [1, 7].
2.1 Linear Wave Propagation
In the theory of linear elasticity, the traction ti on a plane described by nixi = d is
given by
ti = σijnj , (2.1)
where the stress tensor is denoted by σij.
For the derivation of the equations of motion, an arbitrarily shaped body of volume V
bounded by the surface S as in Figure 2.1 is considered. The balance of linear
dV
S
V
ρfdV
tdS
dS
Figure 2.1: Momentum balance
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momentum can then be expressed as∫
S
σklnkdS +
∫
V
ρfldV =
∫
V
ρu¨ldV , (2.2)
where ρ represents the material mass density and fl the body force. Gauss’s theorem
applied to Eq. 2.2 yields ∫
V
(σkl,k + ρfl − ρu¨l) dV = 0 . (2.3)
Since the body may have an arbitrary shape, it follows that for a continuous integrand
σkl,k + ρfl = ρu¨l (2.4)
has to be satisfied. This relationship is called Cauchy’s first law of motion.
Eq. 2.4 contains terms of stress σij and displacement ui. Generally, a more convenient
form of representing the equations of motion solely in terms of the field function ui
can be found by applying Hooke’s law for a homogeneous, isotropic and linear elastic
medium, which is given by
σij = λkkδij + 2µij , (2.5)
where λ and µ are the first order Lame´ constants. The strain tensor ij is related to
the displacement ui by
ij =
1
2
(ui,j + uj,i) . (2.6)
Substitution of Eq. 2.6 into Eq. 2.5 and subsequently into Eq. 2.4 leads to Navier’s
formulation of the equations of motion
µui,jj + (λ+ µ)uj,ji = ρu¨i , (2.7a)
which reads in vector representation as
µ∇2u+ (λ+ µ)∇∇ · u = ρu¨ . (2.7b)
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Notice that body forces fi are neglected in this development.
For the three-dimensional case, Eqs. 2.7 represent a set of three coupled partial dif-
ferential equations (PDE’s) whose solution is generally difficult to obtain. However,
the Helmholtz decomposition
u = ∇ϕ+∇×ψ , (2.8)
provides a convenient way to uncouple these equations to yield a set of two PDE’s. In
this framework, Eq. 2.8 represents the three components of the displacement vector u
with the potential functions ϕ, ψ1, ψ2 and ψ3. To guarantee the uniqueness of the
solution, the additional constraint
∇ ·ψ = 0 (2.9)
is necessary.
Substitution of the Helmholtz decomposition into the governing Equations, Eqs. 2.7,
leads to the above mentioned set of uncoupled PDE’s in terms of the displacement
potentials ϕ and ψ:
∇2ϕ = 1
c2L
ϕ¨ , ∇2ψ = 1
c2S
ψ¨ . (2.10)
As will be shown later, cL and cS denote the phase velocities of a longitudinal and a
vertically or horizontally polarized shear wave, respectively. These wave speeds are
functions of the material properties only and are given by
cL =
√
λ+ 2µ
ρ
, cS =
√
µ
ρ
. (2.11)
As it can be seen from Eq. 2.11, it always holds true that the longitudinal wave is
faster than the shear wave, i.e. cL > cS.
For convenience, the wave speeds are expressed in terms of the Lame´ constants λ and
µ. A relationship to the more commonly used material properties Young’s modulus
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E and Poisson’s ratio ν is given by
λ =
Eν
(1 + ν)(1− 2ν) , (2.12)
µ =
E
2(1 + ν)
. (2.13)
Furthermore, the bulk modulus κ is often found in the literature and will be used for
some modeling that is described later. It is related to the Lame´ constants as
κ = λ+
2
3
µ . (2.14)
2.2 Wave Phenomena
The wave phenomena discussed in the following sections are based on the plane wave
assumption, that is, assuming a wave with constant properties (, σ, u) on a plane
perpendicular to its propagation direction, p. The mathematical representation of a
plane wave is
u = df(x · p− ct) , (2.15)
where d is the unit vector defining the direction of particle motion, c is either the
longitudinal wave speed cL or the shear wave speed cS, and the function f is an
arbitrary function that defines the shape of the travelling wave. It can easily be
shown that any function of the form f(x · p− ct) satisfies the governing equations of
motion, Eqs. 2.7.
Substitution of Eq. 2.15 into the equation of motion yields
(µ− ρc2)d+ (λ+ µ)(p · d)p = 0 . (2.16)
The two types of waves that form the basis of the wave propagation theory are
obtained by the two possible solutions of the above equation. Since p and d are
different unit vectors, either d = ±p or p · d = 0 are possible solutions:
1) d = ±p leads to p · d = ±1. Inspection of Eq. 2.16 yields c = cL as defined
in Eq. 2.11. Furthermore, d and p are linearly dependent which represents a
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particle movement in the direction of propagation p and therefore describes a
longitudinal or pressure wave (P-wave).
2) p · d = 0 leads to c = cS as defined in Eq. 2.11. Thus, the direction of particle
motion is normal to the direction of propagation. That describes a shear wave
(or transverse wave). If a two-dimensional plane of propagation in the x1, x2-
plane is considered, a wave with an in-plane displacement is called a vertically
polarized shear wave or SV-wave, while a wave with out-of-plane displacement
is called a horizontally polarized wave or SH-wave.
2.2.1 Harmonic Waves
In the theory of plane waves described above, the shape of the travelling waveform
f(x · p− ct) can be of arbitrary form.
However, specifically important are waveforms of the form
u(x, t) = A cos
[
ω(
x
c
− t)
]
(2.17)
with amplitude A and circular frequency ω. These waves show a harmonic behavior
in time and space and are discussed for the one-dimensional case in the following.
For mathematical simplicity, Eq. 2.17 is often written using the complex exponential
expression
u(x, t) = A ei(kx−ωt) , (2.18)
where
k =
2pi
Λ
=
ω
c
(2.19)
denotes the wavenumber of the harmonic wave of wavelength Λ. The term (kx− ct)
is often refered to as the phase of the wave.
In homogeneous, isotropic materials, longitudinal and shear phase velocities cL and
8
ρIcI ρIIcII
R, T
σi σt
σr
Figure 2.2: Reflected and transmitted waves
cS are not a function of the circular frequency ω. Nevertheless, in more complex ma-
terials, this is not the case any more and a dispersion-relationship between frequency
and phase velocity has to be found. These media are called dispersive.
2.2.2 Reflection and Transmission of One-dimensional Waves
Reflection and transmission of travelling disturbances in a material occur if the wave
strikes an ideal interface of two elastic media with different acoustic properties. Specif-
ically, these properties are described by the acoustic impedance ρc, which is defined
as the product of density and phase velocity for the type of wave considered. Any
missmatch in the impedance of two joined materials gives rise to a reflected and a
transmitted portion of the incident wave, see Figure 2.2.
As it is known from the theory of wave propagation, the incident wave σi can be
written in the following fashion [1]:
σi = f(t− x
c
) . (2.20)
The reflected and transmitted waves can be expressed in terms of the incident wave
as
σr = R f(t− e
c
+
x− e
c
) , (2.21)
and
σt = T f(t− e
c
− x− e
c
) , (2.22)
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where R and T denote the reflection and transmission coefficient, respectively and e
defines the propagation distance to the interface. From the continuity condition of
stress and displacement at the interface, these coefficients are found to be
R =
ρIIcII/ρIcI − 1
ρIIcII/ρIcI + 1
, (2.23)
and
T = 2
ρIIcII/ρIcI
ρIIcII/ρIcI + 1
. (2.24)
From the definition of R and T it follows that −1 ≤ R ≤ 1 and 0 ≤ T ≤ 2.
Specifically important is the case of a free surface where the adjacent media cannot
carry any mechanical waves, i.e. ρIIcII → 0. In this case the reflected wave has the
same shape as the incident one but the sign of the stress changes upon reflection.
Thus, the reflection- and transmission coefficients take the valus R = −1 and T = 0.
2.2.3 Reflection of Two-dimensional P and SV-Waves
In an unbounded, infinite media, the above mentioned waves propagate independently.
Reflections and coupling of P- and SV-waves occur on interfaces of materials with
different acoustic properties in which the waves propagate. These interface reactions
can be found at the boundaries of a finite media.
An incident P-wave (SV-wave), which is reflected at a stress free boundary (i.e. σ21 =
σ22 = 0) normally consists of both, a P-wave (SV-wave) and a SV-wave(P-wave). The
reflections of these waves are shown in Figure 2.3.
The effect that a single type of incident wave reflects as two different waves is called
mode conversion. For the plane-strain case of a harmonic wave travelling in the
unbounded x1, x2-plane, a mathematical description of the displacement field is given
by
u(n) = And
(n)eikn(x1p
(n)
1 +x2p
(n)
2 −cnt) . (2.25)
Here, n denotes the longitudinal- or shear-wave, kn the previously defined wavenumber
and cn the respective wavespeed of wave n. Using these definitions, a relationship
10
PP
SV
x1
x2
θ0
θ1
θ2
(a) Reflection of a P-Wave
P
SV SV
x1
x2
θ0
θ1
θ2
(b) Reflection of a SV-Wave
Figure 2.3: Wave reflections on a stress free surface
between the angle of the incident wave and the angles of the reflected ones can be
determined while the circular frequency ω remains equal for the incident and the
reflected waves. Table 2.1 summarizes these relationships.
Non-trivial amplitudes An are obtained, if the angles of incident and reflected waves,
θ0, θ1 and θ2 as defined in Figure 2.3, satisfy Snell’s law of reflection:
k0 sin θ0 = k1 sin θ1 = k2 sin θ2 . (2.26)
Exceptions of mode conversion are the normal incidence with θ0 = 0, which is of
specific importance for the conducted research. In this case, the waves are reflected
as themselves, i.e. no mode conversion occurs.
If the angle θ0 is greater than a critical angle,
θcritical = arcsin
cS
cL
, (2.27)
then only a SV-wave is reflected. In this case, the P-wave part of the reflected signal
Table 2.1: Angle relations for reflection on a stress free surface
Incident Reflected P θ1 Reflected SV θ2
P θ1 = θ0 sin θ2 = (cS/cL) sin θ0
SV sin θ1 = (cL/cS) sin θ0 θ2 = θ0
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degenerates into a so called Rayleigh surface wave that travels along the surface with
an exponentially decreasing amplitude in the negative x2-direction.
2.3 Wave Attenuation
The most important concept of wave propagation used in this research is the phe-
nomenon of ultrasonic attenuation. This section gives an introduction to attenuation
and its mathematical representation and explains several attenuation mechanisms
with their underlying physical principles.
Usually, attenuation is incorporated in the previously discussed framework by the
definition of a complex wave number k˜. To that purpose, Eq. 2.19 is expanded in the
following fashion:
k˜ =
ω
c
+ iα , (2.28)
where α describes the wave attenuation coefficient. As will be shown later, the com-
plex wavenumber can be used equivalently to a complex wave speed or complex mate-
rial properties. Substitution of the complex wavenumber in the displacement function
of a harmonic wave, Eq. 2.18, yields
u(x, t) = Aei(k˜x−ωt) = Aei((
ω
c
+iα)x−ωt) , (2.29a)
which can also be written as
u(x, t) = Ae−αxei(kx−ωt) for x ≥ 0 . (2.29b)
In the latter equation, the first part of the right hand side describes an exponential
decay in amplitude, Ae−αx in the direction of propagation while the second part
describes the harmonic behavior as in Eq. 2.18.
In general, the attenuation coefficient α is a function of frequency ω. As will be seen
later, this frequency-dependence can be used for material characterization.
In conclusion,
α = α(ω) = Im{k˜} . (2.30)
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As a measure of the decay in amplitude, consider two amplitudes A0 and A1 of a
wave at two positions seperated by the propagation distance ∆x. A relation between
these two amplitudes is given by
A1 = A0e
−α∆x , (2.31a)
from which the attenuation is found to be
α =
1
∆x
ln(
A0
A1
) . (2.31b)
In order to express the attenuation coefficient in terms of the commonly used measures
decibels (dB) and nepers (Np) that are described as
20 log10(
A0
A1
) [dB] and ln(
A0
A1
) [Np] , (2.32)
Eq. 2.31(b) has to be rewritten as
αˆ =
1
∆x
20 log10(
A0
A1
) [dB/unit length] , (2.33a)
α =
1
∆x
ln(
A0
A1
) [Np/unit length] . (2.33b)
A relationship between these units is given by
αˆ = 20 log10(e) · α ≈ 8.686 · α . (2.34)
The causes of ultrasonic wave attenuation are described in the following sections. In
every attenuation measurement, the attenuation coefficient is a mix of each of these
mechanisms. Generally, it is not possible to seperate each of these mechanisms out in
order to determine each mechanism’s portion of the overall attenuation. As will be
seen later, this is a critical issue for material characterization since only some effects
carry valuable information about the material’s microstructure while other mecha-
nisms are disturbances introduced by several physical effects of wave propagation.
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2.3.1 Extrinsic Attenuation
Attenuation mechanisms that arise as a consequence of the practice of the measure-
ment method are refered to as extrinsic attenuation effects. The most important
phenomenon in this research is the diffraction effect, which is caused by beamspread-
ing and gives rise to a decay in amplitude as the wave propagates [9].
This effect may cause large errors in attenuation measurements and has to be ac-
counted for. Rogers and Van Buren found an analytical expression for the diffraction
correction coefficient for a plane circular piston source as it is the case for a round,
finite size transducer of radius b [28]. The diffraction correction can thus be calculated
as
D(s) = 1− e−i(2pi/s)[J0(2pi/s) + iJ1(2pi/s)] , (2.35)
where s denotes the normalized propagation distance
s =
Λ∆x
b2
(2.36)
and J0 and J1 are Bessel functions of zeroth and first order, respectively.
2.3.2 Intrinsic Attenuation
In the following, the two basic physically interesting intrinsic attenuation effects are
described.
Viscoelastic Material Behavior - Material Absorption
In the general theory of elasticity, it is assumed that an elastic material stores energy
without dissipation during deformation. This holds true for a number of materials
(e.g. steel, aluminum) that are only dissipative for very high ultrasonic wave frequen-
cies. However, there are materials of technical interest (e.g. polymers, composites,
cement based materials) that dissipate some of the stored energy even in a lower
frequency range. These materials are called viscoelastic, because they combine the
properties of an elastic solid and a viscous liquid. During deformation, some portion
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of the stored energy in these materials is converted into heat due to internal friction
which causes an ultrasonic wave to lose some of its energy, resulting in a decreasing
amplitude. This attenuation mechanism is often referred to as material absorption.
Commonly, it is assumed to have a linear dependency on frequency in the range of
ultrasound frequency, and is called hysteresis absorption [29]. This behavior can be
explained by considering a material damping model which is linearly dependent on
the particle velocity which increases linearly with increasing frequency.
The material absorption of a specific material is usually incorporated into the theory
of attenuation by applying a material absorption parameter
αa(Λ) =
Ca
Λ
, (2.37)
where Ca is a medium constant.
Scattering Attenuation
The other important part of intrinsic attenuation is scattering. It arises in heteroge-
neous materials at the interfaces of phases with different acoustic properties. These
interfaces can be associated with the grain structure, crystal defects or multiple phases
of inclusions within the material i.e. any inhomogeneity of the material can give rise
to wave scattering.
Based on the ratio of scatterer size a and wavelength Λ, different domains are dis-
tinguished that have different approximations for the frequency dependence of the
attenuation coefficient [2, 10].
The Rayleigh Domain:
αs(a,Λ) ∼ a
3
Λ4
for Λ >> a , (2.38)
The Stochastic Domain:
αs(a,Λ) ∼ a
Λ2
for Λ ≈ a , (2.39)
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The Geometric Domain:
αs(a,Λ) ∼ a−1 for Λ << a . (2.40)
A mathematical approach to model the effects of scattering is generally difficult to
perform. Several apporaches have been made and are presented in Chapter 3.
The total extrinsic attenuation, which is of interest in this research, is found to be
the addition of the previously discussed effects of material absorption and scattering.
Thus, the total attenuation can be written as
α(a,Λ) = αa(Λ) + αs(a,Λ) . (2.41)
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CHAPTER III
MODELING OF WAVE ATTENUATION
The theoretical modeling of ultrasonic attenuation in inhomogeneous media has been
approached by researchers over the last decades in several ways with the goal to enable
predictions of a specific attenuation behavior in different types of materials. These
predictions can be used for design purposes, optimization and material characteriza-
tion.
Modeling of wave attenuation due to scattering effects is of particular interest because
it provides valuable information about the relation between the acoustic behavior, and
the microstructure of the material under consideration. The challenge in these kinds
of modeling lies in the complexity and inhomogeneity of the material, especially when
multiple scattering occurs due to a high scatterer density.
In this chapter, different mathematical approaches to represent wave scattering in
viscoelastic materials are described and their limitations are discussed. The models
are applied to the two phase material under consideration in this research, which
consists of hardened cement paste with sand inclusions. Note that for the frequencies
used in this research (0.5 MHz - 6 MHz ), cement paste is always considered to be
homogeneus, since the length scales of the material’s grain structure are below the
wavelengths of the waves utilized.
3.1 Independent Scattering Model
To represent the scattering effects of randomly distributed inclusions in a homoge-
neous material, an independent scattering approach has shown to provide useful re-
sults for the application of modeling cavities in cement-based materials [25, 27]. The
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theory is based on the fundamental work on wave obstacle interactions by Brauner
and Beltzer [4] and was further developed by Biwa [3] to provide a suitable scattering
model for viscoelastic matrix material behavior as found in cement-based materials.
In the following, the independent model described by Ying and Truell [35] and applied
to various types of materials by Kim [13] is explained and applied to cement-based
materials containing elastic inclusions.
3.1.1 Mathematical Description
The theory is classified as an independent scattering model because it is not capable of
representing interactions between the scatterers attendant in the considered media.
As a consequence, this model provides reasonable predictions only for low volume
fractions η of the scattering inclusions. Since scatterer interactions usually result in
higher losses of energy of the incident wave, the calculated attenuation underestimates
the actual attenuation of the particulate material with high volume fractions since no
multiple scattering effects are taken into account.
The model assumes a set of randomly distributed obstacles of spherical shape with
radius a embedded in a viscoelastic matrix whose material absorption is characterized
by αa. The overall attenuation α can be expressed as
α = (1− η)αa + 1
2
nsγ
sca , (3.1)
which is the solution of the differential equation relating the spatial decay of the time
averaged energy flow with the material absorption and the scattering effects [25, 3].
Note the similar appearance of Eq 3.1 to the general form of the overall attenuation,
described in Eq. 2.41. Clearly, the portion of material absorption can be distinguished
from the scattering effects.
In Eq. 3.1, ns is the number of scatteres per unit volume which for the case of a
spherical inclusion is related to the volume fraction by
η =
4
3
pia3ns . (3.2)
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γsca denotes the scattering cross-section described in [35] which for incident plane
waves with longitudinal wavenumber kl, and shear wavenumber ks is given as
γsca = 4pi
∞∑
m=0
1
2m+ 1
[
|Am|2 +m(m+ 1) kl
ks
|Bm|2
]
. (3.3)
Physically, the scattering cross-section is defined as that area which, if placed into the
incident field normal to the direction of propagation, would intercept a time averaged
energy flux equal to that of the total scattered field through a closed surface which
contains the scattering obstacle. It thus relates the energy flux of the incident wave
to that of the scattered field around the inclusion, and is therefore a measure of the
scattering intensity of the scatterer in the medium. The scattering cross-section is a
function of the wavelength of the incident wave as well as of the scatterer’s shape.
For the evaluation of γsca, the coefficients Am and Bm need to be found that specify
the wave field in the matrix material and the inclusion. These can be calculated
from the constraint of continuity of stress and particle displacement at the interface
of the scatterer and its surrounding media. The calculations are taken from [35] and
presented in Appendix A.1.
3.1.2 Model Results
For the case of a sand scatterer in a cement paste matrix, Figure 3.1 shows the
scattering cross-section γsca which is normalized to the physical obstacle cross section
over the normalized frequency ka of an incident longitudinal wave. At the end of
this chapter, relevant cement paste and sand properties for this and the following
calculations are summarized in Table 3.1 and Table 3.2, respectively.
The beginning increase of the scattering cross-section, and thus the scattering effects
for increasing frequencies, can be explained by the fact that the wavelengths of lower
frequency waves are much longer than the obstacle size. As a result, the influence of
the scatterer on the incident wave field is nearly negligible. As the frequency of the
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Figure 3.1: Normalized scattering cross-section for sand in cement paste
wave increases, and the decreasing wavelengths get in the range of the scatterer size,
the influence of the inclusion becomes more and more relevant.
The peak with a center frequency of around ka = 6.5 refers to a resonance phe-
nomenon of the scattering obstacle. The elastic inclusion of spherical shape can be
considered as a vibrating system in a damped environment. As it is well known from
the theory of dynamics, such systems show resonance phenomena which result in the
capability of absorbing high amounts of energy in a certain frequency range. This
absorption of wave energy gives rise to higher scattering effects as can be observed
in the maximum values of the scattering cross section. Consequently, for the overall
attenuation of the particulate material, this resonance phenomenen results in a higher
attenuation coefficient.
Evaluations for the overall attenuation coefficient, Eq. 3.1, with varying volume frac-
tions η are shown in Figure 3.2.
As would be suspected by inspection of Eq. 3.1, increasing volume fractions of the
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Figure 3.2: Attenuation coefficient for varying amounts of sand inclusions
included aggregate result in a linear increase in the overall attenuation for each fre-
quency. As will be seen later, this linearity property of the independent scattering
model allows for a convenient incorporation of a size distribution of the inclusions, as
is found in sand and other natural aggregates.
Note that for the case of an inclusion radius of a = 0.4 mm the previously mentioned
resonance phenomenon occurs at frequencies of about 10 MHz and is therefore above
the frequency range considered in this research. A very small increase in attenuation,
of around 3 MHz, is observed especially for higher volume fractions and may also be
explained with the resonance phenomena but does not refer to the main peak that is
found in the normalized scattering cross-section.
The independent scattering model presented, is a relatively easy approach to model
wave scattering in particulate materials that are composed of a homogeneous matrix
material with randomly distributed inclusions. For cement-based materials with air
inclusions, it has shown to provide results which are in good agreement with measured
wave attenuation [25].
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For varying inclusion sizes within a material, the accuracy of the model predictions
can be further improved by the implementation of a size distribution of the scattering
obstacles as is shown for the case of air voids in [26]. Due to the linear behavior of
the model and ignoring higher order scattering effects, this distribution can easily be
incorporated by expanding Eq. 3.1 to
α = (1− η)αa + 1
2
N∑
i=1
ns,i γ
sca
i , (3.4)
where ns,i is the number of scatterers of a specific size and γ
sca
i denotes the scattering
cross section of the respective scatterer.
The model shows its limits when the volume fraction of inclusions, and thus the
number of scatterers, increase to greater than approximately 20% [18]. In this case,
the assumption that no multiple scattering of the wave field occurs is no longer valid
and the calculated attenuation is understated.
This fundamental limitation of the independent scattering approach is crucial for the
modeling of cement-based multiphase materials which usually consist of high amounts
of aggregates (> 60%). For this reason, researchers have developed different modeling
techniques that take multiple scattering between different inclusions into account.
The basic ideas, and a specific implementation is described in the subsequent section.
3.2 Effective Medium Theory Model
The treatment of multiple wave scattering in composite materials was first developed
in the Waterman and Truell theory [34] on which basis more sophisticated models
evolved.
The general modeling technique used in this research is the so-called effective medium
theory (EMT). This theory treats the particulate material with its acoustic behavior
as a whole material, which is defined by the overall (effective) material parameters.
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Therefore, the model does not directly describe the scattered waves, and its interac-
tions within the material but describes the overall acoustic behavior on a macroscale.
In the literature, many evaluations of these ideas can be found, e.g. in [11, 14]. These
group of models are summarized by the term EMT and are joined by some common
hypotheses.
In this research, a self-consistent model developed by Sabina and Willis [30] for ho-
mogeneous materials with randomly distributed spherical inclusions is considered and
used for cement-based materials. Due to the high complexity of the model’s mathe-
matical derivation, this section describes the basic ideas of the EMT in general and
provides the formulae used for the self-consistent model implemented in this research.
3.2.1 Mathematical Description
The EMT model also considers a set of randomly distributed obstacles of spherical
shape in a homogeneous matrix material. For an incident plane longitudinal- or shear
wave, the goal of the model is to find effective acoustic properties for the particulate
material which are defined by the two elastic constants, κ˜ and µ˜, as well as the ef-
fective density ρ˜. These complex valued properties are a function of the type and
frequency ω of the incident wave field and are marked with the tilda symbol(˜ ).
The basic assumption of all effective medium theory models is the self-consistency
condition. The self-consistency condition states that the mean wave field in the partic-
ulate material coincides with the wave field propagating in the effective medium [11].
Furthermore, the behavior of the inhomogeneous material with N inclusions can be
changed for the effective homogeneous material while each additional single inclusion
N +1 behaves as an isolated scatterer embedded in the effective medium. With that
condition, the multiple scattering problem can be simplified to the solution of a single
scatterer that is embedded in a material with the effective media properties. This
process of homogenization is visualized in Figure 3.3.
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Figure 3.3: Effective medium theory approach
For the homogeneous matrix material with properties κ˜M, µ˜M and ρM that contains
one type of spherical inclusions of volume fraction η and radius a with the properties
κInc, µInc and ρInc, following the steps of [30], the effective material properties are found
to be
κ˜EM = κ˜M +
η h(k˜)h(−k˜)(κInc − κ˜M)
1 + 3L
κInc−κ˜EM
3κ˜EM+4µ˜EM
, (3.5)
µ˜EM = µ˜M +
η h(k˜)h(−k˜)(µInc − µ˜M)
1 + 2(µInc − µ˜EM)2Lµ˜EM+S(3κ˜EM+4µ˜EM)5µ˜EM(3κ˜EM+4µ˜EM)
, (3.6)
ρ˜EM = ρM +
η h(k˜)h(−k˜)(ρInc − ρM)
1 + (ρInc − ρEM)3−L−2S3ρ˜EM
. (3.7)
For an attenuative matrix material, the elastic constants κ˜M, µ˜M are functions of
the frequency of the incident wave with complex wavenumber k˜ and are therefore
complex, too. This is not the case for the density ρM, as long as the viscoelastic
material is considered to be homogeneous. In the case of the cement-based materials
studied in this research, the inclusions are elastic in their behavior which can be seen
by the real valued material constants κInc, µInc and ρInc.
For a spherically shaped inclusion, the formfunction h(k˜) is defined as
h(k˜) = 3
sin(k˜a)− k˜a cos(k˜a)
(k˜a)3
. (3.8)
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The two parameters L and S are found to be
L =
3(1− ik˜EM,La)
(k˜EM,La)3
[
sin(k˜EM,La)− k˜EM,La cos(k˜EM,La)
]
eik˜EM,La , (3.9)
and
S =
3(1− ik˜EM,Sa)
(k˜EM,Sa)3
[
sin(k˜EM,Sa)− k˜EM,Sa cos(k˜EM,Sa)
]
eik˜EM,Sa . (3.10)
In Eq. 3.9 and 3.10, k˜EM,L and k˜EM,S denote the complex wavenumbers of a longitudinal
and a shear wave in the effective medium, respectively. They are functions of the
effective medium properties that are to be found and are defined as
k˜EM,L =
ω
c˜EM,L
, (3.11)
and
k˜EM,S =
ω
c˜EM,S
, (3.12)
with the complex phase velocities
c˜EM,L =
√
κ˜EM +
4
3
µ˜EM
ρ˜EM
, (3.13)
and
c˜EM,S =
√
µ˜EM
ρ˜EM
. (3.14)
Evaluation of Eqs. 3.5 - 3.7 yields the parameters κ˜EM, µ˜EM and ρ˜EM that define the
effective media. For the frequency dependent attenuation coefficient α, the complex
wavenumbers, Eqs. 3.11 and 3.12, and the complex phase velocites, Eqs. 3.13 and
3.14, are used to find
αL = Im
{
k˜EM,L
}
, (3.15)
and
αS = Im
{
k˜EM,S
}
, (3.16)
for the longitudinal and shear attenuation, respectively.
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3.2.2 Model Results
Eqs. 3.5 - 3.7 denote a set of coupled nonlinear algebraic equations to find the effective
media properties. In the following, these equations are solved numerically using a
Gauss-Newton approximation method [17]. As before, the calculated attenuation
refers to a longitudinal wave in a cement paste matrix with sand inclusions whose
shape is assumed to be spherical.
In order to assess the complex valued elastic constants of cement paste from the
known phase velocities and attenuation coefficients, the formulae for the complex
wavenumber and phase velocity, Eqs. 3.11 - 3.14, are used again.
c˜M,L =
ω
k˜M,L
=
ω
ω
cL
+ iαM,L
, (3.17)
and
c˜M,S =
ω
k˜M,S
=
ω
ω
cL
+ iαM,S
. (3.18)
As stated before, the density ρM of the cement paste is real valued which relates to
the assumption of a homogeneous material. Rearranging Eqs. 3.13 and 3.14 yields
expressions for the elastic constants of the attenuative matrix material.
µ˜M = (c˜M,S)
2ρM , (3.19)
and
κ˜M = (c˜M,L)
2ρM − 4
3
µ˜M . (3.20)
Figure 3.4 shows the attenuation coefficient of the EMT model for different amounts
of sand inclusions with a nominal radius of a = 0.4mm.
Besides the general increase of the attenuation coefficient for increasing frequencies of
the incident wave, the model shows a peak around 3 MHz. While the former behavior
can be explained with the hysteresis absorption of the cement paste matrix, the latter
refers again to the resonance phenomenon of the scattering inclusions.
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Figure 3.4: Attenuation coefficient for varying amounts of sand inclusions
The sensitivity of the EMT model to the input parameter η is also illustrated in
Figure 3.4. As is the case for the independent scattering model, the attenuation co-
efficient increases for higher volume fractions of inclusions. However, in the case of
the EMT model, the linearity of that property does not hold true any more due to
the involvement of multiple scattering effects.
In order to implement a size distribution of the scattering inclusions, the non-linear
terms of the EMT model, Eqs. 3.5 - 3.7, have to be expanded. While this expansion
is still feasible, it is no longer as convenient as in the independent scattering model,
especially when a large number of different scatterer sizes are involved.
While the EMT approach has fundamental advantages over the independent scatter-
ing model to quantify attenuation in particulate materials, some limitations of the
EMT model are important.
Due to the assumption of a constant stress field in the inclusion, the presented model
is only valid up to frequencies in the range of the first resonance frequency, see [12].
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In the literature, very few works for the short wavelength range are available. Kanaun
et al. [11] provide a sophisticated model based on the EMT approach that is supposed
to cover the whole frequency range.
Note that at the present time, self-consistent EMT approaches remain the only ef-
ficient solutions for the many particle problem of wave propagation in particulate
composites with contrast properties of the multiple phases.
Table 3.1: Material properties for cement paste
Property Symbol [Unit] Value
Longitudinal wavespeed cL
[
m
s
]
36801
Shear wavespeed cS
[
m
s
]
19902
Density ρ
[
Kg
m3
]
19701
Longitudinal attenuation αL0
[
Np
m
]
-10.191
αL(f) = αL0 + αLaf αLa
[
Np
m·MHz
]
16.181
Shear attenuation αS0
[
Np
m
]
8.852
αS(f) = αS0 + αSaf αSa
[
Np
m·MHz
]
90.462
Table 3.2: Material properties for quartz sand [21]
Property Symbol [Unit] Value
Longitudinal wavespeed cL
[
m
s
]
5570
Shear wavespeed cS
[
m
s
]
3540
Density ρ
[
Kg
m3
]
2600
Bulk modulus κ [GPa] 36.96
Shear modulus µ [GPa] 32.58
1Measured values, Chapter 5
2Values taken from Punurai et al. [25]
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CHAPTER IV
EXPERIMENTAL PROCEDURE
For the characterization of the properties of cement-based materials using ultrasonic
wave attenuation, it is crucial to have a reliable and repeatable measurement tech-
nique. Over the years, several types of measurements for different applications have
been developed [2, 23, 32].
The challenge in measuring attenuation of particulate materials lies in their inhomoge-
neous microstructure and in their relatively highly attenuative nature. Furthermore,
the contact measurement technique used in this research tends to be very sensitive
to external influences, especially the coupling conditions between the measurement
transducers and the specimen. Due to the high amount of wave energy required to
perform attenuation measurements on highly attenuative materials, contact measure-
ment techniques are often preferred. Moreover, the widely used immersion technique,
where the coupling problem is solved by immersing the whole measurement setup
into a water bath, cannot be utilized in the case of cement-based materials since the
surrounding water would be soaked into the specimen where it would significantly
change the material’s attenuation behavior, that is to be determined.
To provide reasonable attenuation measurements for cement-based particulate mate-
rials, this research develops a measurement technique following a six step sequence
based on two general types of attenuation measurements. The sequence incorpo-
rates reflection coefficient measurements as a quantitative measure of the coupling
and clamping conditions between the specimen and the measuring transducers. It is
shown that for certain specimen-transducer pairings, the assumption of a free surface
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reflection as it was used by former researchers is not valid since the transducers have a
significant influence on the reflection behavior. Consequently, the proposed sequence
shows the capability to produce repeatable results with a significant reduction in the
amount of uncertainty compared to existing contact measurement techniques.
The following chapter describes the experimental setup and the specimens used in this
research. The two basic attenuation measurement techniques are explained and their
signal processing procedure is provided. The importance of the reflection coefficient of
the transducer interface is pointed out and the developed six step method is explained.
A reference measurement of a relatively simple material shows the robustness of the
proposed measurement technique.
4.1 General Measurement Methods
As described in Section 2.3, the attenuation coefficient α describes the exponential
decrease in amplitude of a propagating plane wave. In order to assess this coefficient,
attenuation measurement techniques basically compare the amplitudes of the travel-
ling wave at different propagation distances.
In this research, two types of measurement techniques are used that differ in the
number of transducers that are involved and in the respective propagation distances
of the two signals that are compared for the evaluation of the attenuation coefficient.
4.1.1 Through Transmission Attenuation Measurements
The first measurement technique is called through transmission measurement be-
cause it involves two transducers on each surface of the specimen whereas the wave
is launched on one side and detected on the other side. The general setup of the
measurement is shown in Figure 4.1.
To launch an ultrasonic wave into the material, a pulse generator (Panametrics Inc.,
5072 PR) is used to generate an electric impulse of up to 360 V and a bandwidth of
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Figure 4.1: Through transmission measurement setup
up to 35 MHz . The electric impulse excites an incident broadband transducer (T) of
2.25 MHz and 5 MHz nominal frequency and a radius of b = 6.35mm (Panametrics
Inc.) that converts it into a pressure wave that propagates through the specimen.
Notice that in this research only longitudinal waves are used for material characteriza-
tion. Regarding the bandwidth of both types of broadband transducers, the frequency
range between 0.5 MHz and 7 MHz can be securely covered with a sufficient amount
of incident wave energy.
The arriving wave is detected by the receiving transducer (R) and is converted into
an electric signal using the same type of broadband transducers as for the incident
wave. The electric signal is amplified with a maximum gain of 50 dB by the inte-
grated amplifier of the pulse generator. The amplified signal is acquired by a digital
oscilloscope with a sampling frequency of 500 MS/s and a signal length of 30, 000
points (=ˆ 60 µs). By averaging over a large number of waveforms (i.e. n = 512),
the signal to noise ratio (SNR) is significantly increased. The oscilloscope is triggered
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by a rectangularly shaped trigger signal generated by the pulse generator. For the
subsequent signal analysis, the data is transferred to a computer and processed with
the software package matlab.
To ensure an on axis alignment of both transducers, a mechanical fixture is utilized
that clamps the transducers in a defined position with a fixed pressure throughout
the measurement. The fixture also enables the clamping and unclamping of each of
the transducers independently while the specimen still remains in its position and
no disturbance is introduced to the coupling conditions between the transducer and
the specimen. A light coupling oil is used to assure sufficient contact between the
specimen surface and the transducers.
The most important assumptions of all measurements and signal processing used in
this research are the assumption of a linear, time-invariant behavior of the whole
system and the reciprocal behavior of the transducers used. The latter describes the
fact that the transducers show the same transfer function whether they are used in
the transmitting or receiving mode.
In the described measurement setup, two signals are considered. The first signal
travels through one specimen thickness z and is denoted with S1, while the second
signal S2 reflects on both sides of the specimen and therefore has a propagation
distance of 3z, as shown in Figure 4.1. These two signals are windowed out of the
acquired time domain signal using a rectangular window and are transformed into
the frequency domain employing a fast Fourier transformation (FFT) algorithm [22].
To assess the attenuation coefficient in the frequency band covered by the transducer,
a spectral analysis technique proposed by Sears et al. [31] is utilized. The spectra of
the two signals can be expressed as
S1(f) = ITTTBD(z)e
−αzei[kz−ωt+φ0] , (4.1)
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and
S2(f) = ITTRBRTTBD(3z)e
−α3zei[k3z−ωt+φ0] , (4.2)
where I(f) denotes the spectrum of the incident signal, TT, TB, RT and RB are the
respective transmission and reflection coefficients of the top and bottom interfaces
between the specimen and the transducer. Since the functions of the incident and re-
ceiving transducers are interchanged later in this research, the interfaces are denoted
with ‘Top’ and ‘Bottom’ rather than ‘Transmitting’ and ‘Receiving’. φ0 expresses the
phase offset of the incident signal, while D(z) and D(3z) are the diffraction coeffi-
cients described by Rogers and Van Buren [28] and in Section 2.3 for the respective
propagation distances of z and 3z. To evaluate these coefficients, the frequency de-
pendent phase velocity c of the dispersive media has to be found. Combination of
Eq. 4.1 and Eq. 4.2 yields∣∣∣∣arg(S1S2 )
∣∣∣∣ = |kz − ωt+ φ0 − (k3z − ωt+ φ0)| = 2kz = 4pifzc , (4.3a)
or
c(f) =
4pifz∣∣∣arg(S1S2 )∣∣∣ , (4.3b)
where |arg(·)| denotes the magnitude of the unwrapped phase of the complex number,
i.e. corrected by the 2pi equivalent jumps.
After the evaluation of D(z) and D(3z), using the spectral ratio technique, the ex-
pression for the attenuation coefficient is found to be
|S1|
|S2| =
ITTTBD(z)e
−αz
ITTRBRTTBD(3z)e−α3z
=
1
RBRT
D(z)
D(3z)
eα2z , (4.4a)
or
α(f) =
1
2z
[
ln
( |S1|
|S2|
)
− ln
(
D(z)
D(3z)
)
+ ln(RBRT)
]
. (4.4b)
The sequence of signal processing and the respective results are summarized in Fig-
ure 4.2. A typical time domain signal and the windowed signals of interest S1 and
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Figure 4.2: Signal processing
S2 are shown. The spectra of the two signals give information about the wave’s am-
plitude of the respective frequency, and are therefore an indicator of the bandwidth
of the two signals. By inspection of these bandwidths, the frequency range in which
the evaluated results for the phase velocity and attenuation will be reliable can be
estimated. For frequencies with a very low wave amplitude, the SNR is too low to
interpret the data in a reliable fashion. Note that the bandwith for reliable results
might be considerably smaller than the bandwith of the transducers, depending on
the level of attenuation for the respective material and frequency range.
Figure 4.2 also shows the unwrapped phases of the two signals over the frequency
range which are only of interest for the calculation of the phase velocity. It is ob-
served that the phase of S2 is always higher than the phase of S1 which can be
explained by the longer propagation distance.
The resulting phase velocities and the attenuation coefficients as functions of fre-
quency are also shown in Figure 4.2.
Through transmission attenuation measurements are a relatively fast and easy way
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to determine a material’s attenuation coefficient over a broad frequency range. Since
the maximum travel distance of the signals to be compared to each other is only
3z, through transmission measurements are a sophisticated and reliable measurement
technique, especially for media with high attenuation. Besides that, their advantage
lies in the fact that two signals are compared to each other that have the exact same
input signal. In practice, this property is of specific importance since the amplitude
of an incident wave of a certain frequency depends on the transducer’s characteristics
and on the coupling situation between the transducers and the specimen. Specifically,
the latter issue might result in large deviations in conducted measurements. The de-
scribed method defines an effective approach to avoid the comparison of signals with
different coupling conditions. In Section 4.2, a method of incorporating the effect
of the boundary layer by integrating the reflection coefficients is presented that re-
sults in even more repeatable and reliable results. The knowledge of these reflection
coefficients for both transducers in their specific coupling situation is necessary for
through transmission measurements and has to be evaluated for each single measure-
ment setup. To solve that problem, Section 4.4 presents a combined measurement
sequence.
Nevertheless, through transmission measurements, as most of other attenuation mea-
surements, have limitations for highly attenuative media. Since the amplitude of the
wave under consideration decreases dramatically in these materials, the SNR of the
second signal is often too low to be able to interpret the results in a reliable fashion.
4.1.2 Double Echo Measurements
A similar method for attenuation and dispersion measurements are double echo mea-
surements. They mainly differ in the number of transducers that are involved and
therefore in the type of signals and their propagation distances that are compared to
each other.
35
±dB
Pulser/Receiver
Pulse-Echo Mode
Signal Trigger
Output
RT,TT T/R
Specimen
z
Input
S1 S2
Figure 4.3: Double echo measurement scheme
Double echo attenuation measurements only use one broadband transducer that acts
as the transmitting and receiving transducer at the same time. The transducer again,
is excited by a short electrical impulse that is converted into a pressure wave. Af-
ter the signal is reflected at the free surface of the specimen for the first time, the
same transducer detects the reflected signal (echo) and transforms it into an electri-
cal signal that is amplified by the amplifier and transferred to the oscilloscpe. The
same procedure is done for the second reflection. The two captured signals again are
denoted with S1 and S2, see Figure 4.3.
The signal processing of the obtained signals is very comparable to the through trans-
mission technique. The only differences in the spectral ratio analysis are the propa-
gation distances of 2z and 4z for the signals S1 and S2, respectively. Analogous to
the through transmission measurements, the frequency domain represantations of the
signals are
S1(f) = I(TT)
2(−1)D(2z)e−α2zei[k2z−ωt+φ0] , (4.5)
and
S2(f) = I(TT)
2(−1)2RTD(4z)e−α4zei[k4z−ωt+φ0] , (4.6)
while the reflection coefficient of the free surface is assumed to be RB = −1. From
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that, the phase velocity and the attenuation coefficient again are found to be
c(f) =
4pifz∣∣∣arg(S1S2 )∣∣∣ , (4.7)
and
α(f) =
1
2z
[
ln
( |S1|
|S2|
)
− ln
(
D(2z)
D(4z)
)
+ ln(RT)
]
. (4.8)
In comparison with through transmission attenuation measurement setups, double
echo methods have the significant advantage that only one transducer is used to per-
form the measurement. Thus, they enable the inspection of materials that are only
accessible from one side or where other circumstances prevent the use of two transduc-
ers, see Pezant et al. [24]. Moreover, double echo methods only require the knowledge
of one reflection coefficient and therefore reduce the amount of uncertainty that goes
along with the problem of repeatable coupling conditions.
However, the maximum propagation distance of the considered signals is 4z in com-
parison to 3z as in the case of through transmission measurements. This limits the
application of double echo measurements for either highly attenuative or very thick
samples because the amplitude and hence the SNR of the second signal becomes too
small to interpret the obtained results in a reliable fashion. In practice, a low SNR
results in the inability to define a clear starting and ending point of the second signal
which is necessary for the signal processing sequence.
4.2 Reflection Coefficient Analysis
As previously mentioned, the reflection coefficient is a quantitative measure of the
interactions that occur at the interface of different materials. Specifically, it describes
the decrease in amplitude and the phase change when a wave is reflected at a certain
interface.
This section describes the theory of the reflection coefficient between the specimens
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and the transducers as it is used in this research. Furthermore, it provides a mea-
surement technique to determine the reflection coefficient of a specific interface. A
transducer related resonance phenomenon that occurs in the material pairing used
in this research is explained before the influence of the reflection coefficient analysis
for attenuation measurements is shown. A more detailed explanation of reflection
coefficients in general is given in [6].
In general, the reflection coefficient is a function of the wave’s frequency. Moreover, it
depends on several other factors that can change its magnitude and therefore the con-
ducted attenuation measurements in a significant fashion. Zhang et al. [36] describe
the influence of the couplant layer thickness as it is present between the transducer
and the specimen surface. The effect of the clamping pressure on the transducer is
investigated by Lavrentyev and Rokhlin [16]. It is stated that the assumption of a
perfect interface does not hold true any more when a pressure is applied on the in-
terface.
Since the reflection coefficient of a specific specimen-transducer interface is sensitive
to outer influences of the measurement setup, it is almost impossible to reproducibly
attach the transducers to the specimen for each measurement setup that is conducted.
Therefore, the only suitable method to obtain repeatable results is to always mea-
sure the reflection coefficients for each of the specific setups in which an attenuation
measurement is carried out.
4.2.1 Reflection Coefficient Measurements
Generally, the reflection coefficient for a specific material interface can be calculated
using Eq. 2.23. However, it requires the knowledge of the dispersion relationship and
the exact material properties for the considered interface, – it is difficult to obtain
the former. For that reason, a more practical approach is to directly measure the
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Figure 4.4: Reflection coefficient measurement setup
reflection coefficient of interest.
In this research, a simple method is used to determine the reflection coefficient of a
transducer-specimen interface under the current coupling and clamping conditions.
The method again uses a spectral ratio analysis technique which is based on a pulse-
echo measurement in a one transducer setup. The two signals to be compared to
each other are the first echo of a reflected signal of a free surface (S1) and the first
echo of a reflected signal of the clamped transducer surface under consideration (S2),
compare Figure 4.4.
Assuming the reflection coefficient of the free surface as |RFree| = 1, using the spectral
ratio analysis technique,
|S2|
|S1| =
I(TT)
2D(2z)e−α2zRB
I(TT)2D(2z)e−α2z(1)
, (4.9a)
the reflection coefficient is found to be
RB =
|S2|
|S1| . (4.9b)
The spectra of two representative signals S1 and S2 and the resulting reflection coef-
ficient for a 5 MHz transducer are shown in Figure 4.5.
4.2.2 Transducer Resonance Phenomenon
Figure 4.5(b) shows a significant drop in the reflection coefficient around 4.1 MHz
which seems to coincide with the peak value of the incident transducer’s frequency
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Figure 4.5: Reflection coefficient analysis: Signals and result
spectrum, see Figure 4.5(a). The drop in the reflection coefficient can be explained as
a resonance phenomenon of the lower transducer whose reflection coefficient is mea-
sured in the described setup. Note that even though the depicted frequency spectrum
of the signal S1 belongs to the upper rather than to the lower transducer, it can be
assumed that both characteristics look similar since the transducers are of the same
type.
The center of the spectrum of a broadband transducer is an indicator of its resonance
frequency while in this range a high amount of wave energy is generated. Conversely,
in the range of the drop, the resonance frequency of the lower transducer is excited
which gives rise to a high absorption of wave energy. Hence, the amplitude of the
reflected wave is lower, which is quantitatively described by the lower reflection coef-
ficient in this frequency range.
In order to demonstrate this behavior, the following experiment is conducted. The re-
flection coefficients of two transducers with different center frequencies are evaluated
using the same free surface signal. As in all of the reflection coefficient measure-
ments, the lower transducer does not have an electrical function in this setup. The
transducers used in the experiment have a nominal center frequency of 5 MHz (same
type as the incident transducer) and 2.25 MHz and are the two only types used in
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this research. The behavior is shown for a cement paste specimen which is of specific
interest in the conducted research. The results are shown in Figure 4.6. Clearly, the
drop coincides with the center frequency of the transducer whose reflection coeffi-
cient is evaluated, i.e. the 2.25 MHz transducer has a drop around 1.9 MHz while
the 5 MHz transducer shows the drop around 4.3 MHz . The general increase of the
reflection coefficient for increasing frequencies is in accordance with the behavior de-
scribed in [36].
Even though the conducted experiment gives a hint in order to explain the drop, a
full combined electroacoustic analysis is needed to prove this observation.
4.2.3 Influence of Reflection Coefficient in Attenuation Measurements
For through transmission and double echo attenuation measurements, the influence
of the reflection coefficient is crucial. However, in the literature, very little attention
is paid to this fact, and there are no published results that describe a measurement
technique that takes the reflection coefficients for the transmitting and receiving trans-
ducers into account. As will be shown in this section, ignoring their influence, and by
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that implicitely assuming free surface reflections with no decrease in amplitude, leads
to two basic problems which are the overestimation of the attenuation coefficient and
a higher deviation and uncertainty throughout each measurement set.
Regarding the first problem, if the reflection coefficients are not taken into account
properly, the measured attenuation coefficient is overestimated since all the decrease
in wave amplitude is refered to the material attenuation rather than precisely divided
into material attenuation and reflection effects. For all of the transducer-specimen
pairings investigated in this research, using the proposed clamping and coupling con-
ditions, the magnitude of the reflection coefficient is always below 1, i.e. the real
reflection conditions cannot be modeled with the assumption of a free surface.
The resulting overestimation of the attenuation coefficient can easily be identified
by inspection of the attenuation coefficient’s mathematical definition, Eq. 4.4(b) and
Eq. 4.8 for a through transmission and a double echo method, respectively. Consid-
ering the last sum term of each expression, for |RT| , |RB| < 1, it always holds true
that ln(RBRT) < 0 or ln(RT) < 0 for the respective case of a through and a double
echo measurement. Consequently, the term is negative which leads to a lower atten-
uation coefficient in both cases. By taking reflection effects into account, this lower
coefficient describes the true material attenuation.
Considering the second problem, measuring the reflection coefficients also provides a
quantitative description of the coupling and clamping conditions of a specific transducer-
sample setup. Still, the problem of producing repeatable conditions remains chal-
lenging but the incorporation of a quantitative measure of the coupling and clamping
conditions substantially diminishes the amount of uncertainty and reduces the vari-
ance among different measurement setups.
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Figure 4.7: Influence of the reflection coefficient
Both effects of the incorporation of the reflection coefficient are shown in Figure 4.7.
Figure 4.7(a) compares two attenuation measurements of the same specimen (Cement
paste I) and at the same position that only differ in their measurement setup (through
transmission and double echo method).
As stated above, the consideration of the reflection coefficient results in lower val-
ues for the material attenuation. This effect is stronger in the case of the through
transmission measurement, because it involves two reflection coefficients rather than
just one leading to a higher overestimation of the attenuation when they are not ac-
counted for. Furthermore, it can be seen that the attenuation curves for the through
transmission and the double echo method that include reflection coefficients are very
close to each other. Theoretically, these two curves should be exactly the same. Re-
garding the typical measurement errors present, the curves are in good agreement.
On the other hand, both measurement results are shown with no reflection coefficient
corrections. Clearly, the high amount of variation can be observed by the lack of
agreement between the two curves. Note that the difference in the two upper curves
is only due to the lack of incorporating the reflection coefficient into the analysis.
Both measurements were carried out on the exact same specimen position while the
transducer used for the double echo measurement remained under the same coupling
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conditions for both types of measurements.
Figure 4.7(b) indicates both effects for two through transmission measurements con-
ducted on two different specimens (Cement paste I and Cement paste II). It shows
again the higher attenuation coefficient when reflection effects are not taken into ac-
count. The values of the respective curves for the two specimens differ up to about
50Np
m
(≈250%) for the low frequency range. The difference between the uncorrected
curves can be explained by the different coupling and clamping conditions that are
present in the two measurements. By incorporating the reflection effects, this re-
peatability cannot be completely achieved, but a measure of the current coupling and
clamping conditions leads to a smaller variation, as it can be seen in the high degree
of agreement for the two reflection corrected curves. Note that these curves refer to
two different specimens and therefore are not even theoretically identical due to some
inhomogeneity and variation among the specimens.
4.3 Diffraction Coefficient Analysis
Besides the previously described effects of the reflection coefficient, diffraction effects
play another important role in the analysis of the recorded measurement data. As in
the case of the reflection coefficients, the calculated attenuation is overestimated, if
diffraction effects are not properly accounted for. This section briefly describes the
influence of the diffraction coefficients and compares them to the reflection analysis for
the case of a through transmission measurement. Note that the provided arguments
can be applied to double echo meauserments in an analogous way.
4.3.1 Influence of Diffraction Correction in Attenuation Measurements
Beamspreading effects give rise to a decrease in amplitude as the waves travel in the
media [9]. In general, waves radiated into the material from a finite-size source (pis-
ton) form a complex interference pattern in the mean field producing an amplitude
fluctuation along the axis of radiation and tend to spread out causing amplitude decay
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Figure 4.8: Diffraction correction for cement paste
in addition to the material attenuation. These two effects need to be compensated
for in the analysis of the attenuation coefficient in order to isolate the material at-
tenuation from those other effects. Inspection of Eq. 4.4(b) quantitatively shows the
influence of the diffraction effects. Since D(z)
D(3z)
> 1, ln
(
D(z)
D(3z)
)
> 0, i.e. the incorpora-
tion of diffraction effects yields a lower attenuation coefficient. Figure 4.8 shows the
ratio D(z)
D(3z)
as a function of frequency for cement paste.
4.3.2 Comparison of Diffraction and Reflection Coefficient Influences
While only the incorporation of both, reflection and diffraction effects leads to cor-
rect results in attenuation measurements, a short comparison of both influences is
provided. The influence of the diffraction correction is shown in Figure 4.9 which also
includes a non-reflection corrected result for further comparison.
Obviously, the influence of the reflection coefficient is more dominant when compared
to diffraction effects which can be explained mathematically with the lower magni-
tude of the reflection coefficients compared to the ratio D(z)
D(3z)
. Physically, it means
that the influence of the coupling and clamping conditions which essentially define
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the reflection coefficient, can give rise to higher errors in attenuation measurements
than beamspreading effects if they are not properly accounted for. However, both
effects play an important role and should be included in the data analysis.
4.4 A Combined Measurement Procedure
In general, contact attenuation measurements are challenging to perform and re-
searchers have tried various approaches in order to deal with the extraneous influences
that affect the measurement and hence the measurement results [32]. Especially, the
influence of the transducer clamping and its coupling to the specimen is a source
of uncertainty and can therefore give rise to large variations among measurements
performed. Even though it is possible to gain control over the governing influential
parameters, it might be cumbersome to exactly reproduce a certain coupling and
clamping situation. Another more convenient approach is to measure these condi-
tions for each specific measurement setup, and then include the data into the signal
processing workflow of the measurement. As it was shown before, the knowledge of
the reflection coefficients provides that quantitative measure.
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Figure 4.10: Six step measurement procedure
Yet, the measurement of the reflection and attenuation coefficients cannot be per-
formed in a one step setup. To solve that problem, this research develops a combined
measurement procedure that follows a sequence of measurements that combine setups
with one and two transducers. This sequence allows the evaluation of the reflection
coefficients as they are present in the performed attenuation measurement.
The scheme of the measurement sequence is depicted in Figure 4.10 and explained in
more detail in the following sections. Note that all measurements are performed with
the equipment described in Section 4.1. Between each of the measurement steps, it is
crucial to perform the required changes in a way that as few disturbances as possible
are introduced into the setup. Of specific importance is the use of a mechanical fixture
that allows holding the position constant and to fix both transducers to the specimen
seperately. No changes concerning the coupling and clamping are made unless the
subsequent step requires a different setup.
4.4.1 Measurement Sequence Steps
In the first step M1, a one transducer setup is used in the pulse echo mode to determine
the first two echoes from the free upper surface.
Next, in the second step M2, the upper transducer is mounted onto the specimen
but has no electrical function at that point. Again, the lower transducer works in a
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pulse echo mode to record the reflected signal from the surface that now includes the
transducer reflection effects.
Connecting the upper transducer with the receiving amplifier for the third step M3
yields the first through transmission attenuation measurement setup. The signals
that are recorded are the directly transmitted signal and the signal of the wave that
reflects on both surfaces of the specimen. Note that due to the shorter propagation
distances, the through transmission setups usually require a lower amplification rate
than the pulse-echo setups.
Before the fourth step M4, the functions of the incident and receiving transducer are
switched, i.e. the wave now travels in the opposite direction. The recorded signals
coincide with the ones from the preceeding step.
In the fifth step M5, the incident transducer is again the upper one that now works
in a pulse-echo mode to record the reflected signals from the clamped surface of the
lower transducer.
The last step M6 is another free surface measurement with the upper transducer as
the incident. Before the signals that coincide with the first step are recorded, the
lower transducer is removed and some remaining coupling oil is carefully wiped away
to guarantee a clean free surface.
Notice that from step two to step five, no change in the clamping or coupling is made
to either one of the transducers. Solely, the function of the generating and detecting
transducers is interchanged between the third and the fourth step.
4.4.2 Resulting Data
The described measurement sequence provides all the necessary information to ana-
lyze the material attenuation of the specimen under consideration. The general signal
processing scheme and the resulting data are explained in the following. For better
understanding, the respective signals are denoted firstly with their measurement step
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and secondly with their signal number. As an example, M3-S1 denotes the signal S1
obtained in the third measurement step.
The signal processing sequence starts with the analysis of the reflection coefficients
since these are necessary to subsequently calculate the attenuation coefficients. In
order to determine the upper reflection coefficient RT, the spectra of the signals M2-
S1 and M1-S1 are compared to each other. Both signals describe the first echo of
the wave that was launched by the same lower incident transducer in the same ma-
terial. Since the only difference is the non-free surface condition due to the upper
transducer, the reflection coefficient of the upper surface can be calculated using the
signal processing technique described in Section 4.2. Analogously, comparison of the
signals M5-S1 and M6-S1 yields the reflection coefficient RB of the clamped surface
of the lower transducer.
Knowing the reflection coefficients for the upper and the lower surfaces, the actual
attenuation measurement is being performed in steps three and four. Following the
steps described in Section 4.1, analysis of signals M3-S1 and M3-S2 yields the material
attenuation measured in the through transmission setup. Analogously, signals M4-S1
and M4-S2 yield the same results for the material attenuation. Theoretically, for a
perfectly homogeneous and isotropic material, the two results from measurement M3
and M4 should be exactly the same. In practice, due to some external influences
and inhomogeneities in the material, this does not exaclty hold true. Nevertheless, in
all measurements performed in this research, these two results are very close to each
other. It can be argued that the third and fourth steps in the measurement sequence
are redundant. However, for the investigation of another measurement technique,
both steps were carried out in the current research.
As a byproduct of the described technique, measurement steps M1 and M6 provide
49
two more attenuation measurements. With the knowledge of both reflection coeffi-
cients, comparison of signal M1-S1 with M1-S2 as well as comparison of M6-S1 with
M6-S2 can be used to evaluate the material attenuation for the double echo measure-
ment setup.
In conclusion, the proposed combined measurement setup provides the knowledge
of both reflection coefficients defining the current clamping and coupling conditions.
These coefficients are then used in the actual attenuation calculations using the data
from measurement steps three and four and from steps one and six for the through
transmission and the double echo method, respectively.
Hence, the method provides four attenuation results for one position of the specimen.
While these results ideally should be identical, averaging over the four slightly varying
results yields a very good approaximation of the actual material behavior.
4.5 Reference Measurement on a PMMA Speci-
men
To demonstrate the accuracy of the proposed technique, a reference measurement is
performed on a polymethylmethacrylate (PMMA) specimen (referred to as Lucite)
of 25.4mm thickness. Comparable data for this material can be found in the lit-
erature. Reliable attenuation measurements have been performed by Jarzynski and
Hartmann [8] and by Cheeke [5].
4.5.1 Results
Figure 4.11 shows the measured reflection coefficients for the upper and lower transducer-
specimen pairings. The previously discussed drop around the center frequency of the
5 MHz transducer is clearly recognizable. Note that for the following analysis, it is
not necessary that both reflection coefficients are in a comparable range. However,
comparable values represent similar coupling and clamping conditions on the top and
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Figure 4.11: Reflection coefficients for Lucite
bottom of the specimen which is generally favorable regarding the repeatability of
the measurements.
Figure 4.12 depicts the dispersion curve of Lucite. It can be seen that the material
is nearly nondispersive, i.e. the longitudinal phase velocity can be assumed to be
constant over a large frequency range (2 MHz ≤ f ≤ 6 MHz ).
The resulting four attenuation coefficients from the combined measurement sequence
are summarized in Figure 4.13. The errorbars depict the variation among the four
measurement sets while the solid line and the markers denote the average over all
values for each frequency. These values are fitted with a linear regression shown in
Figure 4.14. The linear fit is given by
α = −2.68
[
Np
m
]
+ 12.8
[
Np
m ·MHz
]
· f . (4.10)
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Figure 4.12: Longitudinal phase velocity for Lucite
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Figure 4.13: Longitudinal attenuation for Lucite
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Figure 4.14: Linear regression for longitudinal attenuation for Lucite
4.5.2 Comparison to Published Values
For the Lucite material considered in this research, a longitudinal phase velocity of
cL = 2835
m
s
is found. This is close to the published values of cL = 2690
m
s
by Jarzyn-
ski [8] and cL = 2750
m
s
by Cheeke [5]. The variations can be explained with typical
variations among Lucite materials.
As it can be seen in Figure 4.14, the longitudinal attenuation of Lucite can be well
approximated by a linear function. Previously mentioned, this behavior can be ex-
plained with the hystersis absorption that is usually found in polymer materials. This
hysteresis absorption is characterized by the equation αΛ = const. Considering only
the second term of Eq. 4.10, which denotes the major component of the attenuation
coefficient, the attenuation per wavelength can be found to be
αΛ = 12.8 · f · cL
f
= 12.8 · cL ≈ 0.036Np . (4.11)
This, again falls well in the range of published values, that show a large variation.
Jarzynski finds αΛ = 0.022Np while Cheeke finds αΛ = 0.045Np.
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The demonstrated reference measurement on a well known material shows the ro-
bustness and accuracy of the proposed measurement procedure.
4.6 Specimens
This research investigates the behavior of two types of materials. The first type are
pure cement paste specimens while the second type are cement paste specimens that
contain varying amounts of different inclusions.
This section describes the specimens used in this research. After the casting procedure
and the type of inclusions are explained, the method to determine the actual volume
fraction of inclusions is provided and the specimen data is summarized.
4.6.1 Casting Procedure and Finishing
The basic material for both specimen types is cement paste that is cast from commer-
cial type I Portland cement powder into cylinders of 76.2mm diameter. The cement
powder is mixed with water, at a water to cement mass ratio of w
c
= 0.4 utilizing a
Hobart mixer before a vibration table is used to diminish the amount of entrapped
air in the material. Note that any aggregate is mixed with the cement powder before
contacting it with water in order to assure proper mixing conditions for the aggregate.
After 24 hours of hydration time in an airtight environment the specimens are hard
enough to be demolded. For another 14 days, they continue the hydration process
in a water bath where calcium hydroxide is added in order to decrease the amount
of leaching of calcium hydroxide from the cement itself and to prevent cracking that
arises from a chemical alkali-silica reaction (ASR) between the inclusions and the
cement paste [15].
From the demolded cylinders, various specimens are cut with a water cooled diamond
saw. After the sawing process, the specimens are polished with a diamond polishing
paper to guarantee plane and parallel surfaces that provide a suitable contact be-
tween the transducer and the specimen. It has been shown that the roughness of the
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coupling surface is important in order to allow for the transfer of the wave energy into
the specimen [33]. To dry the specimens after the polishing process, they are kept
in a drying oven at 40◦C for twelve hours. Note that between each measurement the
specimens are kept in an airtight box at room temperature.
4.6.2 Inclusions
In this research, specimens with various types of inclusions are cast in order to get a
sense of the acoustic behavior of particulate materials with different types of inclusion
materials.
The most important samples contain varying amounts of non-reactive sand, i.e. sand
that has undergone chemical treatment in order to prevent ASR cracks at the inter-
face with the cement paste matrix material. The sand is sieved between two sieves
with nominal grid sizes of 0.76mm and 0.841mm to yield a size distribution between
these values. For further investigation, especially regarding the modeling techniques,
the radius of the sand inclusions is assumed to be a = 0.4mm and is identical for all
sand grains. The grains itself are assumed to be spherical in shape.
Two other specimen types are cast with varying amounts of beads made from alu-
mina (Al2O3) and borosilicate glass with diameters of 1mm and 2mm, respectively.
Unfortunately, these specimens show a material attenuation that is too high, so no
reliable attenuation results were determined due to poor SNR. Moreover, alumina
shows a very poor workability especially in the grinding process due to its extreme
hardness.
4.6.3 Volume Fraction Analysis
During the casting procedure, the possibilities of controling the volume fraction of
inclusions are limited. Even though a specific volume fraction for each specimen
is aimed for during the process, due to shrinking and hydration effects it cannot
be guaranteed that this volume fraction represents the actual one in the hardened
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Figure 4.15: Mortar specimen with 9% sand inclusions
specimens. For that reason, a suqsequent analysis is performed which is based on
density measurements. Density measurements are carried out by measuring the mass
and volume of the specimen. Using the cement paste’s density, ρCP and comparing it
to the density ρSp of the specimen with inclusions of density ρInc, the actual volume
fraction η for each specimen can be determined.
Application of the conservation of mass yields
ρSp = (1− η)ρCP + ηρInc , (4.12a)
from which the actual volume fraction is found to be
η =
ρSp − ρCP
ρInc − ρCP . (4.12b)
4.6.4 Specimen Data
The general appearence and a closer look at the surface of the 9% mortar specimen
is depicted in Figure 4.15.
The corresponding data for each specimen used in this research is summarized in
Table 4.1. Note that not all of these specimens are used for analysis in this research.
However, for completeness and for further investigation, all specimens are described
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Table 4.1: Specimen properties
Inclusion
w
c
Thickness Inclusion
Specimen Mass [g] η [%]
Type - Ratio [mm] Size [mm]
CP I - 0.4 11.3 102.6 - -
CP II - 0.4 12.3 110.7 - -
CP III - 0.4 10.7 97.5 - -
Sand 9 Sand 0.4 12.3 114.2 ≈0.4 9
Sand 16 Sand 0.4 11.3 107.1 ≈0.4 16
Sand 18.5 Sand 0.4 12.3 117.5 ≈0.4 18.5
Alu 8.03 Al2O3 0.4 10.8 104.7 1 8.0
Alu 8.43 Al2O3 0.4 12.4 120.6 1 8.4
Glass 9.43 Glass 0.4 12.7 115.2 2 9.4
Glass 9.83 Glass 0.4 13.5 122.8 2 9.8
and their sepcific data is summarized.
3Specimen not used in the current research
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CHAPTER V
RESULTS
In order to obtain the attenuation curves for the considered materials, the attenuation
coefficients of the described specimens are measured using the proposed measurement
technique. In this chapter, the results of the attenuation measurements are presented
and discussed. It starts with the measurement of the pure cement paste specimens,
since this attenuation data defines the matrix absorption of the particulate composite
materials and is therefore an important input parameter for the theoretical models.
In the next step, the mortar specimens with varying amount of sand inclusions are
measured and compared to each other. Finally, the measured attenuation is compared
to the two different model predictions evaluated in this research. Differences among
the models and the overall accuracy of the model predictions are discussed. The
chapter ends with a theoretical approach to model the attenuation behavior of a three-
phase material system based on a cement paste matrix containing sand inclusions and
air voids. In order to do so, the two different models are expanded and combined. The
general results and a comparison between the models and combinations is provided.
5.1 Cement Paste Specimens
The three cement paste specimens were measured using a pair of 5 MHz transduc-
ers in the previously defined measurement procedure. The measured values are the
frequency dependent longitudinal phase velocity and the attenuation coefficient for a
longitudinal wave.
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Figure 5.1: Reflection coefficients for cement paste
Typical reflection coefficients for cement paste transducer pairings are shown in Fig-
ure 5.1. Note that for all the measurements carried out, the magnitude of the re-
flection coefficients for the cement-based materials is slightly smaller than for the
Lucite specimen. This behavior can be explained with the impedance mismatch be-
tween the transducer and the specimens. However, the reflection coefficients for all
cement-based materials fall within a similar range of values. Therefore, no reflection
coefficients are shown for the following measurements.
A typical dispersion curve for cement paste is shown in Figure 5.2. Very little varia-
tion among the different measurements is observed for the cement paste specimens. It
can be seen that in the investigated frequency range, cement paste is nearly nondis-
persive i.e. the phase velocity is nearly constant over a large frequency band (i.e.
2MHz ≤ f ≤ 6MHz ). The higher phase velocities in the low frequency range refer
to a convergence problem in the signal processing. Thus, for the input parameter
of the models, the longitudinal phase velocity is assumed to be constant at a value
of cL = 3680
m
s
. This value is comparable to measurements carried out by Punurai
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Figure 5.2: Longitudinal phase velocity for cement paste
et al. [25] who finds a nearly constant wavespeed of cL = 3750
m
s
even in a lower
frequency band.
In order to determine the material attenuation for cement paste, the three specimens
were measured and the resulting attenuation curves are averaged. Regarding the four
attenuation results that are determined by each measurement procedure, Figure 5.3
shows the mean values and error bars of twelve measurements that provide reliable
information about the material behavior.
It is observed that the attenuation coefficient increases linearly with frequency. This
behavior can be explained with the hysteresis absorption phenomenon that is also
observed by Punurai et al. [25] and is present in many materials such as polymers.
Figure 5.4 shows the mean values for the attenuation coefficent and the linear regres-
sion that is used for the model calculations. The fit is given by
α = −10.19
[
Np
m
]
+ 16.18
[
Np
m ·MHz
]
· f . (5.1)
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Figure 5.3: Longitudinal attenuation for cement paste
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Figure 5.4: Linear regression for longitudinal attenuation for cement paste
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5.2 Mortar Specimens
Due to the higher attenuation in the particulate mortar material, the three specimens
are measured in a lower frequency range, i.e. they are measured using the 2.25 MHz
center frequency transducers. The investigated frequency range depends on the mag-
nitude of the second signal that is analyzed. For higher amounts of inclusions, the
material attenuation increases significantly, resulting in a smaller frequency band that
is securely covered by the transducer’s efficiency.
In general, it is observed that the SNR for the more complex material increases, es-
pecially for the structural noise that is due to scattering effects of the inclusions close
to the surface. For higher frequencies, this effect prevents the identification of a clear
second signal which is necessary in order to perform attenuation measurements.
In all mortar specimens, a normal spatial distribution of the sand inclusions is as-
sumed. This assumption becomes more realistic if an average over different positions
on the specimen is calculated. The represented attenuation coefficients and their
respective errorbars refer to measurements that were carried out at three different
positions on each specimen.
5.2.1 9% Sand Specimen
Figure 5.5 shows the attenuation coefficient for the specimen including 9% sand in
the cement paste matrix. Several observations are made regarding the measured at-
tenuation. Firstly, it is observed that the variations between the measurements are
larger compared to the pure cement paste. This behavior can be attributed to to
the inhomogeneity of the considered material. Secondly, the plot shows negative at-
tenuation coefficients for some measurements in the low frequency range. Physically,
these values do not make sense since they would indicate an amplification of the wave
amplitude that obviously does not take place. However, the negative values can be
explained mathematically with the fact that the reflection coefficient correction is
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Figure 5.5: Longitudinal attenuation for 9% sand specimen
larger than the spectral ratio of the two considered signals. Physically, the behavior
can be explained with an insufficiently strong second signal, especially for the dou-
ble echo measurements. In the low frequency range, the bandwidth of the utilized
transducers is not sufficient in order to get a high SNR. However, since the through
transmission setups deliver reliable results, these are included in the plot.
5.2.2 16% Sand Specimen
The longitudinal wave attenuation coefficient and the respective errorbars for the 16%
sand containing specimen are shown in Figure 5.6. It is primarily observed, that the
attenuation for the specimen containing higher amounts of inclusions is higher which
coincides with the predictions from the theoretical models. The higher number of
scattering inclusions results in higher attenuation coefficients. The negative values
in the low frequency range again refer to an insufficient amount of incident signal,
especially for the double echo setups.
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Figure 5.6: Longitudinal attenuation for 16% sand specimen
5.2.3 18.5% Sand Specimen
Figure 5.7 shows the results of the performed attenuation measurements on the 18.5%
sand containing specimen. Large variations among the different measurements and
positions are observed which indicate the high amount of inhomogeneity present in the
material. The variation is significantly strong in the frequency range around 1.7 MHz
which falls into the resonance range of the measuring transducers. Thus, it is most
probable that the high variation is due to differences in the coupling conditions that
are not completely eliminated by the reflection coefficient correction.
5.2.4 Comparison of Mortar Specimens
The comparison of the three investigated mortar specimens is shown in Figure 5.8.
For further information, it also contains the cement paste absorption. As expected,
the effect of the inclusions is a higher attenuation over the whole frequency band.
Moreover, these effects become more important for higher frequencies i.e. for wave-
lengths which are in the range of the scatterer size or smaller.
Comparison of the mortar specimens shows clearly, that a higher amount of inclusions
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Figure 5.7: Longitudinal attenuation for 18.5% sand specimen
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Figure 5.8: Comparison of mortar specimens
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Figure 5.9: Comparison of models and measurement for 9% sand specimen
result in higher attenuation. Interestingly, the rise in attenuation from the 9% speci-
men to the 16% specimen is very comparable to the rise in attenuation from the 16%
specimen to the 18.5% specimen, even though the difference in the inclusion amount
is considerably smaller. This behavior can best be explained with the accuracy of
the measurement setup. Regarding the large variations among the measurements, no
exact interpretation is reliable in this frequency range.
5.3 Comparison to Model Predictions
In this section, the results of the mortar specimens are compared to the different
model predictions and the respective agreement is discussed.
5.3.1 9% Sand Specimen
Figure 5.9 shows the comparison of the averaged measurement values to the two
model predictions. For further evaluation of the scattering effects, the pure cement
paste absorption is also depicted. Good agreement is observed between both model
predictions and the measured values over the whole frequency band. A slight under-
estimation of the predicted attenuation is observed in the frequency band between
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Figure 5.10: Comparison of models and measurement for 16% sand specimen
1MHz and 1.5MHz . A lower attenuation coefficient resulting from the measurements
around 2.5 MHz is observed in comparison to the model values.
Moreover, the comparison shows that there are only small differences among the two
models in the investigated frequency band. Generally, the EMT model predicts higher
attenuation values for nearly the whole frequency range. This refers to the capability
of modeling scatterer interactions that result in higher attenuation. Regarding the
measurement data, none of the different models shows a clearly better prediction of
the material behavior. Apparently, the effect of scatterer interactions is not dominant
for the investigated volume fraction and frequency band.
5.3.2 16% Sand Specimen
For the case of the 16% sand specimen, the comparison between the model predictions
and the measurement data is shown in Figure 5.10. Again, there is good agreement
between both model predictions and the measured material attenuation, especially
in the higher frequency range. Interestingly, the pattern of differences is similar to
that of the lower volume fraction case, showing an underestimation of the models
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Figure 5.11: Comparison of models and measurement for 18.5% sand specimen
in the lower range while the predictions show higher values in the higher frequency
range. Both models again do not show large differences in the investigated frequency
range. For further comparison, Figure 5.10 also depicts the independent scattering
model prediction for the lower volume fraction specimen. Even though there is some
deviation for the 16% volume fraction models and the measurement data, it is ob-
served that these models fit the measurement data in a more accurate fashion than
the depicted 9% model, i.e. both models correctly represent the higher attenuation
due to the higher amount of inclusions.
5.3.3 18.5% Sand Specimen
Figure 5.11 shows the results of the 18.5% sand specimen. There is good agreement
between the measurement data and both model predictions with best results in the
range of 0.5 MHz to 1.2 MHz where in both models the attenuation is constantly
overestimated by a small amount. However, this overestimation falls into the range
of the accuracy of the measurement system. Again, both models do not differ enough
in order to quantify and compare the accuracy of both models.
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The differences between the model predictions and the measurement are the largest
in the range between 1.5 MHz and 1.7 MHz . This coincides with the range of large
variations among the measurements, compare to Figure 5.7. Consequently, the mea-
surement data are not so reliable that any physical interpretations are possible. Most
probably, the peak which is not present in both model predictions relates to a trans-
ducer resonance phenomenon that is not completely corrected.
The model results of the independent scattering model for the case of η = 16% is
also depicted in Figure 5.11. It is observed that especially in the low frequency range
where there is good agreement with the measurement result, the models are in the
same range. Thus, the sensitivity of the model towards small changes of the input
paramter η is not sufficient in order to clearly distinguish measurement data from
specimens with slightly different amounts of inclusions. As was shown before, larger
variations of the volume fraction can be distinguished by both models.
5.4 Modeling of Three-phase Materials
The models described in the Chapter 3 have shown the capability to predict the ul-
trasonic wave attenuation for a two-phase material, i.e. a homogeneous matrix with
spherical inclusions. To develop a better model of real concrete, it is desirable to
incorporate multi-phase materials. The following section describes how the indepen-
dent scattering and EMT model can be expanded and combined to approach the
attenuation modeling for three-phase materials, i.e. cement paste, elastic inclusions
and air voids. Note that for these materials no experimental data exists at the present
time.
All models again assume a viscoelastic cement paste matrix material with spherical
inclusions of volume fractions η and φ for the elastic inclusions and the air voids,
respectively. At this point, no size distribution of the elastic inclusions or the air
voids is taken into account.
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The models and combinations and their capabilities are first described before the
resulting attenuation coefficients are compared to each other.
5.4.1 Multiphase Independent Scattering Model
The independent scattering model previously described is extended to include cavities
in cement paste by adjusting the formulations for the scattering cross section. This
technique was used in [25] to model air voids in cement paste. In order to yield a
formulation for a three-phase material, Eq. 3.1 is extended to
α = (1− η − φ)αa + 1
2
nIncs γ
sca
Inc +
1
2
nAirs γ
sca
Air , (5.2)
where nIncs and n
Air
s represent the respective number of scattering elastic inclusions
and air voids per unit volume while γscaInc and γ
sca
Air denote their respective scattering
cross sections. Formulations for γscaInc and γ
sca
Air are attached in Appendix A.
The extended independent scattering model represents an approximation to model the
acoustic behavior of a three-phase material which does not take any kind of scatterer
interactions into account. The model can easily be extended to a multiphase material
if the total volume fraction of inclusions is relatively low.
5.4.2 Effective Medium Theory and Indendent Scattering Model
Another modeling approach uses the effective medium theory to find the effective
attenuation coefficient for cement paste containing only elastic inclusions, Eqs. 3.5 -
3.7. After this homogenization process, the effective attenuation coefficient is taken
as an input parameter for the independent scattering model defining the absorption
of the matrix with the elastic inclusions. The attenuation of the overall three-phase
material can then be calculated using the formulae for the independent scattering
model, Eq. 3.1, to incorporate the air voids.
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The combination of the EMT model followed by the independent scattering model
results in a specific capability of modeling scatterer interactions. Since the effective
media model takes interactions of the elastic inclusions into account, the combined
theory also accounts for these interactions. For this combination, no further obstacle
interactions (i.e. between air voids themselves or air voids and inclusions) can be
modeled.
5.4.3 Two Step Effective Medium Theory
The second model also follows a two step sequence starting with the homogenization
of the cement paste and the elastic inclusions. In a next step, the calculated effective
elastic constants and density of that particulate material are taken as input param-
eters for another evaluation of the effective media model. In this second step, the
inclusion properties are taken to be zero-valued to model the behavior of air voids in
which no wave propagation is assumed to be possible. The resulting elastic constants
after the second step are combined to calculate the overall material attenuation using
Eqs. 3.11 - 3.16. Therefore, the model can be described as the subsequent modeling
of two two-phase materials.
Since the EMT apporach is used in both steps of the calculation, the model is ca-
pable of representing scatterer interactions in both of these steps. As a result, the
attenuation due to interactions between the elastic inclusions themselves, and air
voids themselves is taken into account to some degree. However, any wave scattering
interactions that might occur between elastic inclusions and air voids are not fully
accounted for due to the lack of coupling between the two steps of the calculation.
5.4.4 Expanded Effective Medium Theory
Sabina and Willis derive their effective medium model for the general case of a ma-
trix material containing N types of inclusions of the same size and material type [30].
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Therefore, the implemented model can be expanded to yield expressions for a three-
phase particulate material. The expanded formulations can be found in Appendix A.
The expanded EMT model defines a method to integrate a multi-phase material
in a one-step calculation. Using the effective medium approach to homogenize the
complete material, the model takes all kinds of obstacle interactions into account.
These interactions are not directly represented but are implied in the constraint of
self-consistency which is the essential assumption for the EMT approach.
5.4.5 Comparison of Three-phase Material Models
Evaluations of the models and combinations for implementing a cement paste matrix
containing elastic inclusions as well as air voids are shown in Figure 5.12. The models
represent a material with the following data: η = 15%, φ = 5%, aInc = 0.4mm and
aAir = 0.1mm.
The increase in the attenuation coefficent for the models can be explained by looking
at the different obstacle interactions that the respective models account for.
Since the combination of the independent scattering and the EMT model can only
represent multiple scattering effects between the elastic inclusions themselves, it re-
sults in the lowest attenuation coefficient over the whole frequency range. A slightly
higher coefficient is obtained by the two step EMT model. In comparison to the
former model, it expands the represented obstacle interactions by the incorporation
of multiple scattering between air voids themselves. The interaction between both
types of inclusions are only taken into account in the expanded EMT model, yielding
the highest attenuation coefficient of all the models including an EMT approach over
the whole frequency range.
The expanded independent scattering model is not capable of modeling any kind of
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Figure 5.12: Comparison of different models and combinations
scatterer interactions. However, for higher frequencies it shows the highest atten-
uation coefficient. While this does not make sense from a physical point of view,
the generally higher attenuation for the independent scattering model can probably
be explained with the different modeling approach for the single scatterer problem.
Moreover, the independent scattering model does not show a clear resonance phe-
nomenon in the frequency range around 3 MHz .
The difference between the described models and combinations becomes more and
more important when the volume fraction of the inclusions increases. In this case,
multiple scattering effects become dominant and it is crucial to include them into the
modeling technique in order to get accurate results.
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CHAPTER VI
CONCLUSIONS AND OUTLOOK
This chapter summarizes the conducted research and provides an outlook on future
applications of the obtained results. An overview of the subsequent work to be carried
out is presented.
6.1 Conclusions
This research demonstrates the influence of elastic inclusions in cement-based ma-
terials and shows the effectiveness of different scattering models which are used in
order to predict the attenuation of longitudinal waves propagating in these particu-
late materials. The basic mechanisms of scattering attenuation due to sand inclusions
in cement paste are investigated in order to expand on the fundamental knowledge
of wave propagation in cement-based materials. This knowledge allows for further
research towards more realistic material models.
The research applies two existing theoretical models to the case of scattering attenu-
ation due to sand inclusions in a homogeneous cement paste matrix – an independent
scattering model as well as a self-constistent effective medium theory based model.
While no scatterer interactions are implied in the former model, the latter one takes
these multiple scattering effects into account.
The experimental part of this research develops an attenuation measurement tech-
nique for highly attenuative, particulate materials based on a combination of contact
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measurements combined with spectral ratio signal processing techniques. The re-
search introduces the reflection coefficients between the specimens and the measuring
transducers as a way to quantitatively describe the coupling and clamping conditions
present in a specific measurement setup. A combined sequence is proposed in order
to carry out these analyses as well as the attenuation measurements in an in-situ
fashion, thereby significantly reducing variations among different measurements and
preventing the attenuation from being overestimated.
This measurement technique allows for the reliable evaluation of the attenuation co-
efficient of highly attenuative media in a high frequency range.
Next, the attenuation coefficient is measured in a frequency range between 0.5 MHz
and 2.5 MHz for mortar specimens with varying amount of sand inclusions and the
results are compared to the different model predictions. It is observed that both
modeling techniques are in good agreement with the measurement data. Hence, both
models show the capability of predicting the material attenuation for the particulate
materials considered in this research. Apparently, in the considered frequency range
and for the considered amounts of inclusions, multiple scattering effects are not dom-
inant, since only small differences among the models are observed.
Furthermore, the research presents theoretical approaches to model three-phase ma-
terials. At this point, no measurement data is present for these types of materials.
6.2 Outlook and Further Work
The research shows that scattering attenuation models have the capability of pre-
dicting the material attenuation in particulate cement-based materials for a high
frequency range. This allows for the in-situ material characterization of these inter-
esting materials and can lead to NDE or even SHM applictions in the future. The
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extension of the fundamental knowledge of the propagation of longitudinal waves in
particulate, viscoelastic materials might be employed in other applications. Moreover,
the progress in the field of contact attenuation measurement techniques is helpful for
a number of applications where the attenuation of highly attenuative media need to
be evaluated in a high frequency range.
However, subsequent work needs to be performed in order to achieve these goals.
Most importantly, the limits of the presented work need to be determined, i.e. the
frequency range and the amount of inclusions in the specimens need to be extended
while both issues are of specific interest. The measurement and the comparison to
both model predictions in a higher frequency range is interesting in this respect that
the models show significant differences only for higher frequencies. Especially the
investigation of the resonance phenomenon of the scattering inclusions might present
a good measure of the accuracy and applicability of both models. Nevertheless, the
inspection of a higher frequency range requires the further development of the current
or the invention of a new measurement technique.
The investigation of mortar specimens with higher amounts of inclusions could also
provide valuable information about the accuracy and applicability of the described
modeling techniques, especially with regard to the influence of multiple scattering
effects.
As a next step towards a more realistic model of real concrete structures, measure-
ments on a three-phase material consisting of a cement paste matrix including both
elastic inclusions and air voids need to be performed. The presented modeling ap-
proaches need to be validated with measurement data and can be further evaluated,
different modeling techniques can be applied or new models might be developed.
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In order to use ultrasonic wave attenuation as an NDE technique for cement-based
materials, the inverse problem needs to be considered where the input parameters to
the models are to be found from measurement data. Therefore, the applicability of
mathematical inversion techniques need to be investigated in the future.
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APPENDIX A
DERIVATIONS FOR ATTENUATION
MODELING
This appendix provides some additional information and formulae about the theory
of the different models, described in Chapter 3.
A.1 Determination of the Scattering Cross-Section
γsca for Elastic Inclusions and Cavities
The mathematical formulation of the independent scattering model as it is used in
this research is given by Ying and Truell [35]. This section briefly describes the
fundamental ideas and basic steps in order to calculate the scattering cross-section
γsca necessary to evaluate the attenuation coefficient. First, the derivation for an
elastic inclusion is provided before the necessary adaptions and simplifications for the
case of a scattering cavity are explained.
A.1.1 Elastic Inclusion
A plane, harmonic, wave is considered in the particulate material. The particle
displacement, described in spherical coordinates (r, φ, θ) is given by the expression
U = ueiωt , (A.1)
where the displacement vector u is defined in terms of the longitudinal displacement
potential Ψ = Ψ(r, θ) as
u = −∇Ψ . (A.2)
78
It can be shown from the general equation of motion, Eq. 2.7, that for any wave which
has a spherical symmetry with respect to the scattering obstacle, the displacement
vector u can be expressed as
u = −∇Ψ+∇× [∇× (re¯rΠ)] , (A.3)
with the additional restrictions
(∇2 + kl2)Ψ = 0 and (∇2 + ks2)Π = 0 . (A.4)
Here, kl and ks define the wavenumbers for a longitudinal and shear wave, respectively
while e¯r denotes the unit vector in radial direction.
Generally, the solution of the wave equation is assumed to be of the form
Ψ =
1
kl
∞∑
m=0
(−i)m+1(2m+ 1)jm(kle¯r)Pm(cos θ) , (A.5)
where jm(ξ) is the spherical Bessel function of the first kind of order m and Pm is the
Legendre polynomial of degree m.
Now, a longitudinal, plane, harmonic wave is considered as the incident wave in the
particulate material. Notice that the shear potential Π = Π(r, θ) as well as the
shear wave number ks are zero for the considered case of a longitudinal incident
wave. When the wave impinges an obstacle of radius a, scattering occurs and both
types of waves (longitudinal and shear) evolve inside the inclusion as well as in the
surrounding media. Equation A.1 is applicable for all of these wave fields with the
respective displacement potentials which are denoted with superscripts (s), (q) and
(i) for the scattered, inclusion and incident fields, respectively. For the scattered wave
field outside the inclusion, the potentials are expanded as
Ψ(s) =
∞∑
m=0
Amhm(k
(i)
l r)Pm(cos θ) , (A.6)
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and
Π(s) =
∞∑
m=0
Bmhm(k
(i)
s r)Pm(cos θ) , (A.7)
where hm(ξ) is the abbreviation of h
(2)
m (ξ) and is the spherical Bessel function of the
third kind which is related to the cylindrical Bessel function by [20],
hm(ξ) =
√
pi
2
Hm+ 1
2
(2)(ξ)
√
ξ
, (A.8)
Hm+ 1
2
(2)(ξ) being the cylindrical Bessel function of the third kind.
Even though the wave field inside the inclusion is of no interest for the considered
problem, it is needed in order to define the scattered wave field. The inner wave field
is defined by the expansions
Ψ(q) =
∞∑
m=0
Cmjm(k
(q)
l r)Pm(cos θ) , (A.9)
and
Π(q) =
∞∑
m=0
Dmjm(k
(q)
s r)Pm(cos θ) . (A.10)
In order to completely define the scattered wave field, the two parameters Am and Bm
need to be determined. In order to find these, the boundary conditions at the interface
between the spherical scatterer and the surrounding matrix material are considered
which state that the stress and the particle displacement have to be consistent at all
times. For r = a and the case of an elastic inclusion, these boundary conditions are
u(q)r = u
(i)
r + u
(s)
r , (A.11)
u
(q)
θ = u
(i)
θ + u
(s)
θ , (A.12)
σ(q)rr = σ
(i)
rr + σ
(s)
rr , (A.13)
σ
(q)
rθ = σ
(i)
rθ + σ
(s)
rθ . (A.14)
The displacments ur and uθ as well as the stresses σrr and σrθ for all the wave fields
can be derived from the respective displacement potentials, the respective material
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properties and wavenumber. These relations are given by
σrr = ρω
2
{
Ψ+
2
k2s
[
2
r
∂Ψ
∂r
+
1
r2
ΩΨ− ∂
∂r
(
1
r
ΩΠ
)]}
, (A.15)
σrθ = −2ρω
2
k2s
∂
∂θ
[
1
r
∂Ψ
∂r
− 1
r2
Ψ+
1
r
∂Π
∂r
+
1
r2
(
1 +
k2sr
2
2
)
Π+
1
r2
ΩΠ
]
, (A.16)
and for the displacement
ur = −∂Ψ
∂r
1
r
ΩΠ , (A.17)
uθ = −1
r
∂Ψ
∂θ
+
1
r
∂2
∂θ∂r
(rΠ) . (A.18)
In Eqs. A.15 - A.18, the operator Ω is defined as
Ω =
1
sin θ
∂
∂θ
(
sin θ
∂
∂θ
)
. (A.19)
Rewriting the boundary conditions in terms of the definitons of the displacement
potentials and rearranging the terms, yield a set of four linear equations to determine
the coefficients Am, Bm, Cm and Dm. These equations are found to be
S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44


Am
Bm
Cm
Dm

= e

f1
f2
f3
f4

, (A.20)
with
S11 = k
(i)
l ahm+1(k
(i)
l a) , (A.21)
S12 = mk
(i)
s ahm+1(k
(i)
s a) , (A.22)
S13 = −k(q)l ajm+1(k(q)l a) , (A.23)
S14 = −mk(q)s ajm+1(k(q)s a) , (A.24)
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S21 = hm(k
(i)
l a) , (A.25)
S22 = − [m+ 1]hm(k(i)s a) + k(i)s ahm+1(k(i)s a) , (A.26)
S23 = −jm(k(q)l a) , (A.27)
S24 = [m+ 1] jm(k
(q)
s a)− k(q)s ajm+1(k(q)s a) (A.28)
S31 =
(k
(i)
s a)2
2
hm(k
(i)
l a)−
[
(m+ 2)(k
(i)
l a)
]
hm+1(k
(i)
l a) , (A.29)
S32 = m
(k
(i)
s a)2
2
hm(k
(i)
s a)−
[
(m+ 2)(k(i)s a)
]
hm+1(k
(i)
s a) , (A.30)
S33 = −p(k
(q)
s a)2
2
jm(k
(q)
l a) + p
[
(m+ 2)(k
(q)
l a)
]
jm+1(k
(q)
l a) , (A.31)
S34 = −pm(k
(q)
s a)2
2
jm(k
(q)
s a) + p
[
(m+ 2)(k(q)s a)
]
jm+1(k
(q)
s a) , (A.32)
S41 = [m− 1]hm(k(i)l a)− k(i)l ahm+1(k(i)l a) , (A.33)
S42 = −
[
m2 − 1− (k
(i)
s a)2
2
]
hm(k
(i)
s a)− k(i)s ahm+1(k(i)s a) , (A.34)
S43 = −p [m− 1] jm(k(q)l a) + pk(q)l ajm+1(k(q)l a) , (A.35)
S44 = −p
[
m2 − 1− (k
(q)
s a)2
2
]
jm(k
(q)
s a)− pk(q)s ajm+1(k(q)s a) , (A.36)
where p is the ratio of the shear moduli of the inclusion and matrix material,
p =
µInc
µM
. (A.37)
The parameter e is defined as
e = (−i)(m−1)(2m+ 1) 1
k
(i)
l
, (A.38)
while the right-hand side terms are given by
f1 = k
(i)
l ajm+1(k
(i)
l a) , (A.39)
f2 = jm(k
(i)
l a) , (A.40)
f3 =
(k
(i)
s a)2
2
jm(k
(i)
l a)−
[
(m+ 2)(k
(i)
l a)
]
jm+1(k
(i)
l a) , (A.41)
f3 = [m− 1] jm(k(i)l a)− k(i)l ajm+1(k(i)l a) . (A.42)
Once the expansion coefficients Am and Bm are found, the scattering cross-section
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for the elastic inclusion is found to be
γsca = 4pi
∞∑
m=0
1
2m+ 1
[
|Am|2 +m(m+ 1)k
(i)
l
k
(i)
s
|Bm|2
]
. (A.43)
A.1.2 Cavity
For the case of a cavity that cannot carry waves of any form, the boundary conditions
at r = a are
σrr
(i) + σrr
(s) = 0 , (A.44)
σrθ
(i) + σrθ
(s) = 0 . (A.45)
Analogously, the coefficients Am and Bm are determined from the simplified linear
system of equationsS11 S12
S21 S22

Am
Bm
 = −1
k
(i)
l
(−i)m+1(2m+ 1)
f1
f2
 , (A.46)
where
S11 = −
[
m2 −m− (k
(i)
s a)2
2
]
hm(k
(i)
l a)− 2
[
k
(i)
l a
]
hm+1(k
(i)
l a) , (A.47)
S12 = m(m+ 1)[(m− 1)hm(k(i)s a)− (k(i)s a)hm+1(k(i)s a)] , (A.48)
S21 = [m− 1]hm(k(i)l a)−
[
k
(i)
l a
]
hm+1(k
(i)
l a) , (A.49)
S22 = −
[
m2 − 1− (k
(i)
s a)2
2
]
hm(k
(i)
s a)−
[
k(i)s a
]
hm+1(k
(i)
s a) , (A.50)
and
f1 = −
[
m2 −m− (k
(i)
s a)2
2
]
jm(k
(i)
l a)− 2
[
k
(i)
l a
]
jm+1(k
(i)
l a) , (A.51)
f2 = [m− 1] jm(k(i)l a)−
[
k
(i)
l a
]
jm+1(k
(i)
l a) . (A.52)
The sacttering cross section γsca is then defined as
γsca =
4pi
Re
{
k
(i)
l
}Im{ ∞∑
m=0
imAm
}
. (A.53)
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Figure A.1: Normalized scattering cross-section for a cavity in cement paste
The normalized scattering cross-section for a scattering cavity embedded in a cement
paste matrix is depicted in Figure A.1.
A.2 Three-phase EMT Model
In order to model a three phase material consisting of a matrix material including
elastic obstacles of spherical shape as well as spherical cavities, the EMT model
proposed by Sabina and Willis [30] and described in Chapter 3 can be extended.
The matrix material, which can show a viscoelastic behavior, is defined by the elastic
constants κ˜M, µ˜M and the density ρM, while the elastic inclusions are defined by the
elastic constants κInc, µInc and density ρInc. The inclusion parameters for the air voids
are assumed to be zero since no wave propagation is possible in the cavities.
In order to find the overall effective material parameters, Eqs. 3.5 - 3.7, need to be
expanded by a summation term representing the additional material phase. These
84
expanded formulae are
κ˜EM = κ˜M +
η hInc(k˜)hInc(−k˜)(κInc − κ˜M)
1 + 3Inc,L
κInc−κ˜EM
3κ˜EM+4µ˜EM
+
φ hAir(k˜)hAir(−k˜)(−κ˜M)
1 + 3Air,L
−κ˜EM
3κ˜EM+4µ˜EM
, (A.54)
µ˜EM = µ˜M +
η hInc(k˜)hInc(−k˜)(µInc − µ˜M)
1 + 2(µInc − µ˜EM)2Inc,Lµ˜EM+Inc,S(3κ˜EM+4µ˜EM)5µ˜EM(3κ˜EM+4µ˜EM)
(A.55)
+
φ hAir(k˜)hAir(−k˜)(−µ˜M)
1 + 2(−µ˜EM)2Air,Lµ˜EM+Air,S(3κ˜EM+4µ˜EM)5µ˜EM(3κ˜EM+4µ˜EM)
,
ρ˜EM = ρM +
η hInc(k˜)hInc(−k˜)(ρInc − ρM)
1 + (ρInc − ρEM)3−L−2S3ρ˜EM
+
φ hAir(k˜)hAir(−k˜)(−ρM)
1 + (−ρEM)3−Air,L−2Air,S3ρ˜EM
, (A.56)
where hInc(k˜), hAir(k˜), Inc,L and Air,L have to be chosen according to the respective
inclusion type and size.
Once the effective material parameters κ˜EM, µ˜EM and ρ˜EM for the particulate mate-
rial are found, the resulting attenuation coefficient is calculated following the steps
described in Chapter 3.
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